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Abstract

For the last few decades, photocatalysis has attracted as an emerging successful
technology for purifying wastewater by dye degradation from households and indus-
tries. TiO,-based photocatalysis has gained wide attention due to its importance in
energy source as well as its outstanding involvement in the reduction in environmen-
tal problems. Consequently, researchers and scientists are looking for the synthesis
of polyaniline-TiO,-based photocatalysts which are widely being used for the deg-
radation of dyes. Lately, the use of polyaniline as photosensitizers has proved that it
immensely enhances photodegradation by its excellent photocatalytic activity under
both ultraviolet light and natural sunlight irradiation. Considering this most unique
performance of Polyaniline-TiO,-based photocatalysis, the present review provides
the recent advances and trends in the development of ultraviolet and visible light-
responsive polyaniline-TiO,-based photocatalysis for their potential application in
environmental remediation by dye degradation.
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Abbreviations

NSA Naphthalenesulfonic acid
APS Ammonium persulphate
CB Conduction band

CPs Conducting polymers

CSA Camphorsulfonic acid
HOMO Highest occupied molecular orbital
HRP Horseradish peroxidase
LUMO Lowest unoccupied molecular orbital
MB Methylene blue

MeO Methyl orange

MG Malachite green

NPs Nanoparticles

PANI Polyaniline

PET Poly(ethyleneterephthalate)
PPy Polypyrrole

PTh Polythiophene

RB Rhodamine B

RR45 Reactive red 45

SPS Sulfonated polystyrene
THF Tetrahydrofuran

uv Ultraviolet

VB Valance band

Introduction

Since the last few decades, organic synthetic dyes initiating from dye and textile
industries, area-wide cause for environmental pollution. To terminate the possibil-
ity of water pollution, these dyes have been removed from wastewaters, via various
techniques. Recently, organic pollutants have been effectively converted into harm-
less matter by using the method of photocatalytic degradation [1]. Photocatalysis
has attracted much attention as it is one of the utmost auspicious advanced oxida-
tion processes. Photocatalysis can be functioned at ambient temperature as well as
mineralizes toxic organic compounds to carbon dioxide, water, and mineral acids
[2]. For the treatment of wastewater, photocatalytic reaction illuminated with UV
and visible light has gained much attention. Photocatalytic degradation of organic
compounds by semiconducting materials such as Tin (IV) oxide [3], zinc oxide [4],
titanium dioxide [5, 6], zirconium dioxide [7], iron (IIT) oxide [8], and cadmium
sulfide [9] has been reported early.

Titanium dioxide, in the anatase form having nanosized, exhibits outstanding pho-
tocatalytic activity under ultraviolet irradiation [10]. It is one of the most frequently
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used commercial photocatalysts, due to its advantageous properties such as low
cost, non-toxicity, environment friendly, greater chemical stability for the oxidation
of pollutants in air and water [11]. The utilization of photoanode of TiO, for solar
energy conversion, photochemical water splitting has been studied by Fujishima and
Honda [12, 13] Undesirable organic pollutants have been decomposed into the aque-
ous solution using photocatalysis [14]. Filtration, sedimentation, disinfection, and
coagulation are the conventional methods through which the organic pollutants do
not destroy completely [15-18]. The chemical and physical properties, as well as
high surface activity of the TiO, photocatalysis, were utilized for the mineraliza-
tion of dyes [19]. Anatase and rutile are the general forms of TiO, crystalline forms
that have been studied extensively, and it has been observed that the anatase form
is more active in comparison with rutile [20, 21]. Bandgap, structural properties,
distribution of particle size, porosity, crystal defects, and density of surface hydroxyl
are the properties on which the photocatalytic properties of TiO, depend [22]. The
bandgap of TiO, has been observed to be 3.4 eV [23]. The surface area is directly
associated with the effectiveness of a catalyst, and hence, it has been considered
as a major parameter for efficient photocatalysis [24—27]. A possible mechanism of
charge transfer and photocatalytic degradation of organic pollutants/dyes over the
PANI/TiO, catalyst is shown in Fig. 1.

The electrons are excited from the valence band to the conduction band on the
incident of the photon of light with energy equivalent or higher than the bandgap
and results in the presence of free holes in the valence band. The energy in the form
of the photon is released due to the recombination of these electrons and holes in
a very small time [28-30]. Reduction reaction occurs with electron acceptors
adsorbed by the surface on the migration of electrons and holes with higher energy
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Fig.1 Proposed mechanism of charge transfer on PANI/TiO, surface under sunlight irradiation. Repro-
duced from Journal of Environmental Sciences, vol. 60, TiO,—~PANI/Cork composite: A new floating
photocatalyst forthe treatment of organic pollutants under sunlight irradiation, pp. 3-13, © 2017, with
permission from Elsevier
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to the catalyst’s surface, while hydroxyl radicals have been produced on the reaction
of holes with surface hydroxyls [31]. The extent of electrons and holes recombina-
tion enhances due to the increase in electrons in the conduction band if oxidation of
pollutants and reduction in oxygen do not proceed simultaneously [32]. Though the
relatively high bandgap limits its photocatalytic activity under visible light (Vis),
however, its low quantum efficiency, resulting due to the recombination of holes and
electrons, is an additional disadvantage of it. Therefore, the prevention of electron
accumulation is highly important for effective photocatalytic oxidation. The funda-
mental photocatalytic mechanism has been constituted by these redox reactions [33].

Ultraviolet (UV) light which constitutes barely 3-5% of the solar spectrum has
been used by these semiconductors which were responsible for its drawback and
restricts the commercial application [34, 35]. The photocatalytic activity of these
semiconductors can be enhanced by extending the light absorption of semiconduc-
tor materials toward visible regions by engineering the semiconductor’s gap of the
band [36]. Therefore, interest has been increased for the development of semicon-
ductor materials with visible light. Noble metals doping, nonmetallic doping, and
metal/nonmetal codoping are the various methods that are used for the development
of visible light-responsive semiconductor materials [37]. Coupling of semiconduc-
tors of large bandgap with conducting polymers of small bandgap has been used
as an alternative technique to increase the photocatalytic performance. As visible
light cannot be absorbed by the wide bandgap, they can be “sensitized” by semicon-
ductor materials with a narrow bandgap, and light is absorbed by the newly formed
composite system in the visible region because of a strong coupling effect [38]. CPs
consist of extended n—e~ system and suitable for semiconductors with a wide gap for
acting as sensitizers due to high mobility charge carriers and stability [39-50]. The
limitations of the n-type semiconductor like leaching, bad response toward visible
light, thermal decomposition, high rate of recombination of electron, and hole can
be overcome by combining p-type CPs with an n-type semiconductor because CPs
usually behaves as p-type semiconductors [51, 52].

TiO,-based polyaniline (PANI) photocatalysts

The outstanding electrical and optoelectronic properties make the study of the conduct-
ing polymers at an extensive level [47, 53—58]. Hybrids of several conducting polymers
have been designed to obtain required properties that hold the applications in, corrosion
protective coatings, catalysis, and numerous others [59, 60]. Among all, Polyaniline
(PANI) is considered to be most comprehensively studied conducting polymer since
the last 20 years [61]. PANI is cheaper and has distinctive photoelectric, electrical, and
optical properties in comparison with other conducting polymers [62]. The repeating
units of PANI consist of two moieties in different weights, i.e., reduced (benzenoid)
and oxidized (quinoid) state which is its essential feature [63]. New molecular struc-
tures with a variety of properties have been obtained by doping PANI on considering
the above element [64—66]. Due to its outstanding environmental stability and mechan-
ical flexibility, it has been considered to be p-type material. Anticorrosion coatings,
lightweight battery electrodes, sensors, light-emitting diodes, solar cells, photovoltaic
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devices, and electromagnetic shielding devices are the various fields in which it has
potential applications [67—72]. Having all these applications of PANI, a very small
amount of work has been done to degrade organic pollutants by modifying TiO, using
PANI.

In the present review, PANI-TiO, composites have been discussed with its prepa-
ration by ‘in situ’ chemical oxidative polymerization of aniline to prepare a series of
polyaniline-TiO, (PANI-TiO,) nanocomposite powders with dissimilar PANI-TiO,
ratios. The photocatalytic degradation of various organic pollutants like rhodamine B,
malachite green, reactive red 45, methyl orange and methylene blue are used to evalu-
ate the photocatalytic activity of the catalyst under ultraviolet light. PANI-TiO,nano-
composite catalysts are utilized for cleaning contaminated water because it has higher
photocatalytic activity in comparison with pure TiO,.

Methods used for the synthesis of PANI/TiO, nanocomposites
The synthesis of PANI/TiO, nanocomposites was carried out by some methods.
In situ polymerization

In situ polymerization is a very effective method of synthesis of polymer nanocompos-
ites which occurs “in the polymerization mixture”. It involves the blending of nanoma-
terial in a solution mixture containing a neat monomer, followed by polymerization. In
this method, the covalent linkage between the nanomaterial and matrix occurs. Several
research articles have been published on PANI/TiO, in situ polymerization over the last
few years [73-76]. Template-free synthesis is the preparation of nanocomposites with-
out using any templates or adduct and there is no need to separate product after synthe-
sis. Many researchers used this method to fabricate PANI/TiO, nanocomposites as it an
easy method to direct synthesize nanocomposites without any hurdle [77]. Zhang and
his coworkers prepared powdered samples of PANI/TiO, nanocomposites via varying
molar ratios of PANI and nanocrystalline TiO, in 1.0 N HCI solution with the help of
APS [(NH,),S,04)] as an oxidant for highly enhanced photodegradation [78]. Sui et al.
[79] have also synthesized PANI/TiO, nanocomposites by mixing solutions of aniline
monomer and TiO, in CTAB/hexanol solution and oxidation was carried out by adding
a solution of APS in this solution. These solutions were mixed under vigorously stir-
ring for obtaining PANI/TiO, nanocomposites. The same procedure for the synthesis of
nanocomposites was adopted by Ti et al. [80] for NH; (ammonia) sensing application.
In some synthesis, pTSA (p-toluenesulfonic acid) solution was adopted as a reaction
medium [81] and some other researchers also adopted the same process with various
oxidants and reaction medium to yield PANI/TiO, nanocomposites for various applica-
tions [82-85].

Template synthesis

Various nanocomposites of PANI/TiO, were synthesized by using some templates
such as anodized surfactants [86], micelles [87], alumina [88], etc., but due to
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addition of any template, some post-synthetic treatments are must for the removal
of these templates to gain the desired nanocomposites. In this regard, PANI/TiO,
nanocomposites were prepared by adding an aniline monomer in a phosphate
buffer solution containing prepared TiO, nanoparticles with constant stirring as
well as ultrasonic action was added to reduce aggregation. In this process, SPS
was added during stirring and HRP was added for enzymatic synthesis as well as
diluted H,0, was used to start polymerization. In this technique, nanocomposites
remain in the form of powder [89]. Nabid and his labmates prepared PANI/TiO,
nanocomposites by using SDS as a template for controlling the shape and size of
these nanocomposites for better results and application [90].

Solgel synthesis

Solgel methods can be applied to alter or modify the properties of nanocrystal-
line. In the preparation process of PANI/TiO, nanocomposites via the solgel
method, firstly TiO, sols were synthesized by maintaining a water-to-titanium
isopropoxide ratio of 4 and 0.0016 mol of aniline monomer was added in this
sol and reaction was carried out for 2 h, after that 0.0015 mol APS in HCI solu-
tion was added dropwise as an oxidant to get the dark green colored PANI/TiO,
nanocomposites [91]. Pawar and his labmates synthesized polyaniline (PANI) by
chemical oxidative polymerization of aniline monomer in which ammonium per-
oxidisulphate was used as an oxidant and the reaction was carried out in the pres-
ence of hydrochloric acid as a catalyst. Nanocrystalline TiO, was synthesized by
the solgel technique and its nanocomposites with PANI were prepared by stirring
of TiO, in various molar ratios in undoped PANI solution and after that, thin
films were fabricated at 3000 rpm for 40 s by spin coating method [92].

By mixing of polymer and nanoparticles

In this method, the direct mixing of PANI with TiO, nanoparticles occurs. 20 ml
of an aqueous solution of PANI was taken to continue stirring up to 8 h via ultra-
sonication to get complete dispersion of PANI in water. Afterthought, 0.2 g of
TiO, nanoparticles was added in the above solution to get a stable and uniform
solution. After complete reaction, the solution was dried at 50 °C and powdered
samples of PANI/TiO, were collected for enhanced photocatalytic degradation of
Bisphenol A [93].

Gu and his coworkers reported the formation mechanism of two incorporating
methods of PANI/TiO, composites as effective visible photocatalysts. In conven-
tional incorporating style, TiO, nanoparticles having high surface energy were easy
to prepare huge aggregates of R phase throughout the synthesis. Then during the
polymerization of aniline, PANI covered the surface of TiO, aggregates after the
addition of oxidant (Fig. 2a). On the other hand, TiO, grains were deposited on the
surface of PANI nanofiber to synthesize PANI/TiO, composites (Fig. 2b) [94].
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Fig.2 Synthesis mechanisms of PANI/TiO, composites in two incorporating styles: a conventional
incorporating style and b novel incorporating style. Reproduced from Journal of Molecular Catalysis A:
Chemical, vol. 357, pp. 19-25 Liuan Gu, Jingyu Wang, Rong Qi, Xiaoyu Wang, Ping Xu, and Xijiang
Han, A novel incorporating the style of polyaniline/TiO, composites as effective visible photocatalysts,
© 2012, with permission from Elsevier

Synthesis and characterization of various PANI-TiO, photocatalysts for dye
degradation

PANI has been utilized for synthesizing copolymers and composites for advancing
their processability [95]. PANI is appropriate for synthesizing PANI-TiO, nano-
composites due to a 2.8 eV bandgap of PANI [96-99]. PANI/TiO, nanocomposites
were synthesized using the in situ oxidative polymerization technique by using a
micellar solution of DBSA (dodecylbenzenesulfonicacid) as surfactant as well as the
dopant. These nanocomposites were characterized by FTIR, XRD, SEM, TGA, etc.,
which unveiled decreased bandgap of nanocomposites as compared to pristine nano-
TiO,, while optical responsivity showed vice versa behavior under visible light.
Therefore, these were found highly useful in photo-oxidative acrylic pseudo-paints
for removal of benzene under UV/VIS lights [97]. Zhu et al. [98] has also prepared
PANI/TiO, nanocomposites via a one-step hydrothermal process. The characteriza-
tion of these was done via transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM) and X-ray diffraction (XRD) for investigation of its structure
and morphology. These uniform PANI/TiO, nanocomposite-based sensors displayed
excellent sensitivity (5.4 to 100 ppm), selectivity, long-term stability, repeatability,
a good linear relationship, and a low detection limit (0.5 ppm) to sense ammonia
at room temperature (20+5 °C). The main reason for the outstanding sensing of
ammonia was the creation of the p-n heterostructure in the PANI/TiO, nanocompos-
ites. Some researchers also synthesized nanocomposites via using the same process
and XRD studies suggested highly crystalline structure of the same, as well as FE-
SEM studies, suggested porous structure of nanocomposites and HR-TEM micro-
graphs revealed the irregular shape of TiO, nanoparticle sand size was found about
17 nm, as well as TiO, nanoparticles, were entrenched within PANI backbone which
was an advantage over neat TiO, to avoid the absorption of vapors in nanoparticles.
The presence of chemical bonding between TiO, nanoparticles and PANI chains was
confirmed by FTIR spectra [100]. Wang et al. [101] synthesized neat PANI, TiO,
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and PANI/TiO, nanocomposites having the size of 80-90 n for nanocomposites, and
TiO, nanoparticles surface was found covered with PANI films in TEM micrographs
of nanocomposites, Fig. 3(i), and hence good electronic contact between PANI and
TiO, was claimed. In XRD patterns too, there is a lot of difference that could be
seen in nanocomposites formation as in case of PANI/TiO, degree of crystallinity
was decreased, Fig. 3(ii) and diffraction peaks disappeared suggesting an interaction
between PANI and TiO,. These nanocomposites were able to degrade Methylene
blue under the irradiation of natural light more efficiently compared to neat TiO,.
These nanocomposites have been synthesized by Wang and Min [101] for the
degradation of methylene blue dye. The average size varying from 80 to 90 nm is
obtained by the morphology of PANI-coated TiO,. The discoloration efficiency
PANI/TiO, w 80% which was great as compared to neat TiO, nanoparticles (NPs)
having 34% only, upon 90 min irradiation of UV—Vis light. Numerous photocata-
lytic runs lasting for 90 min has been made by TiO, and TiO,/PANI to examine the
reusability. PANI/TiO, has been prepared by Wang et al. [102] by using the method
of one-pot chemical oxidative polymerization. They prepared these nanocomposites
by using titanium isopropoxide for obtaining TiO, and further adding aniline mono-
mer with ammonium isopropoxide for gaining PANI-TiO, nanocomposites in pow-
der form. The characterization results revealed the photocatalytic activity of PANI/
TiO, was about 55% for methylene blue after 4 runs. They also reported the syn-
thesis of PANI-sensitized TiO, nanocomposite with varying molar ratios of PANI
and TiO, by mixing THF (tetrahydrofuran) solution of CSA (camphor sulfonic acid)
doped PANI and TiO, nanoparticle suspension in ethanol [103]. The photocatalytic
activity of composite has been improved by extending the light response of TiO,
to visible light. When the mass ratio PANI: TiO, varies from 1:400 to 1:700 and
the optimum sensitized effect was at the mass ratio of 1:500 then methylene dye is
degraded more effectively on PANI-TiO, as compared to bare TiO,. The rate con-
stant for methylene dye by PANI/TiO, is found to be 1.57 times greater as compared
to bare TiO,. Good photocatalytic stability under visible light has been shown by

0 0 60 70
2Theta [Deg .]

Fig.3 i TEM image of PANI/TiO, nanocomposite ii XRD patterns of (a) PANI, (b) TiO, and (c) PANI/
TiO, nanocomposites. Reproduced from Chinese Chemical Letters, vol. 18, pp. 1273-1277, Wang, Fang,
and Shi Xiong Min. “TiO,/polyaniline composites: an efficient photocatalyst for the degradation of meth-
ylene blue under natural light.” © 2007, with permission from Elsevier
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PANI/TiO, composites after 5 runs. PANI/TiO, nanocomposites have been fabri-
cated and used by Salem et al. [104] for the degradation of Quinoline yellow and
Allura red, and it has been observed to follow first-order kinetics. On raising the
concentration of persulfate and aniline monomer, the photocatalytic activity was
also raised. H,SO,>H;PO, >HCI>HNO; is the order of composites that were pre-
pared in the presence of various acids as the dopant. Figure 4 represents the prepara-
tion of PANI/TiO, nanocomposites by Olad et al. [105] with 21 nm average crystal
size.

Degradation of dyes via PANI-TiO, photocatalysts

The photocatalytic degradation of organic pollutants is chiefly done for dyes as
dyes such as methylene blue (MB), rhodamine B (RhB), etc., from textile indus-
tries and household raise many toxic pollutants and considerable concern in water
due to harmful toxic and environmental effects on ecological systems [106—108].

Negativ
charges
On
w

Acidic solution

/@ Anilinium cation
electrostatically

adsorbed on TIO,

>

After APS addition
polymerization
proceeds on the
TiO, surface

Fig. 4 Formation scheme of PANI/TiO, core—shell nanocomposite. Reproduced from Bulletin of Mate-
rial Science, Vol. 35, pp. 801-809, Ali Olad, Sepideh Behboudi, Ali Akbar Entezami, Preparation, char-
acterization and photocatalytic activity of TiO,/polyaniline core—shell nanocomposite, © 2012 with per-
mission of Springer
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Degradation of various dyes has been studied widely in literature via photocatalysis
of PANI-TiO, nanocomposites [85, 109-113].

Degradation of methylene blue (MB) by using PANI-TiO, Photocatalysts

The photocatalytic degradation of methylene blue dye in sunlight has been investi-
gated by Yu et al. [114] by synthesizing PANI/TiO, composite fiber films as a result
of electrospinning, calcinations, and in situ polymerization. The polymerization
temperature of aniline in the composite and crystal structure of TiO, was associ-
ated with photocatalytic activity. It has been observed that PANI/TiO, composite
film was not able to degrade methylene blue in 4 h under photocatalytic action, but
it can be degraded by TiO, fiber films under photocatalytic action in 3 h. The micro-
structure of PANI nanowire grown on TiO, nano/microfiber with the microstructure
of PANI grown on it showed low contrast PANI. The rate of decoloration of meth-
ylene dye by utilizing composite film was found to be equal to pristine TiO, film
on 4-h irradiation. The rate of decoloration of methylene blue using PANI/TiO, is
decreased as compared to pristine TiO, film when the time of irradiation increased
from 4 h. It has been observed from the numerous photocatalytic runs that methylene
blue decolorized completely after 4 runs using TiO, film and PANI/TiO,was able
to degrade only 15% methylene blue after 4 runs in 2 h. During the photocatalytic
process, there was a gradual degradation due to the poorer reusability of PANI/TiO-
,composite fiber film compared to the TiO, film. Ahmad and Mondal [115] utilized
PANI/TiO, nanocomposites for the effective degradation of Methylene blue. They
also represented a possible mechanism for dye degradation, Fig. 5. When PANI/
TiO, surface was illuminated with light energy, valence band holes and conduction
band electrons generated due to greater energy given on the PANI/TiO, surface than
the bandgap of the nanocomposite. The photogenerated holes can either react with
water of hydroxide to create hydroxyl radicals or can oxidize any organic molecule
and photogenerated electrons can either do the reaction with electron acceptors to
form superoxide or can reduce the dye. The degradation of methylene blue dyes can
be understood by the following equations in Fig. 5.

The photocatalytic activity of the nanocomposites is developed by the deposi-
tion of PANI on TiO, NPs. Pristine TiO, revealed 89% degradation of dye, while
93% of degradation was observed by the PANI/TiO,nanocomposite. The enhance-
ment in the specific surface area, large interaction between composite photocatalyst
results in a decrease in aggregation in the nanocomposite which is the reason behind
the enhancement of photocatalytic degradation of nanocomposite in comparison
with pristine TiO,. Methylene blue and rhodamine B has been degraded by a two-
step route given by Wang et al. [94] using PANI/TiO, nanocomposites with differ-
ent PANI to TiO, NPs mass ratios. The nanocomposites of PANI to TiO,: 0.5/100,
0.75/100, 1/100, 2/100, and 5/100 were designated as NO.5, N0.75, N1, N2, and N5,
while PANI to TiO, at 1/100 had been designated as C1. The average particle size
was calculated and found 11.6-12.5 nm. PANI was shown to act as a good photosen-
sitizer for enhancement of light absorption from visible to the near-infrared region,
and therefore the visible photocatalytic activity was improved with a scarce decrease
in UV photoactivity, shown in Fig. 3 [94]. With increasing the mass of PANI from 0
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PAni — TiO> + /1;'MPAni — TiOa(ecp + hyp) (1]

light

PAni — TiO,(ecp + hjp)— PAni — TiOy + heat 2]

PAni — TiO>(hyg) + H20 — PAni — TiO» + H" + OH’
(3]
PAni — TiO>(h}p) + OH — PAni — TiO, + OH' [4]

PAni — TiOs(epp) + Oy — Pani — TiO, + O, 5]

Oy + H* > HO, (6]

MB + OH' — Degradation products 7
MB + hi,p — Oxidation products 8]
MB + eqp — Reduction products [9]

Fig.5 Photodegradation of Methylene blue dye by using PANI/TiO, nanocomposites. Reproduced from
Journal of dispersion science and technology, Vol. 33, pp. 380-386, Ahmad, Rais, and Pijush Kanti Mon-
dal. “Adsorption and photodegradation of methylene blue by using PAni/TiO, nanocomposite.” © 2012
with permission of Taylor & Francis

to 1/100, photoactivity of composites was gradually enhanced. The rate of degrada-
tion was still high on using PANI as compared to TiO,.

Nanocomposites of PANI/TiO, have been synthesized by Radoici¢ et al. [116]
utilizing molar ratios 50, 100, and 150 of TiO,/aniline by oxidative polymerization.
50, 100, and 150 were the mole ratios for [TiO,]/[ANI] which has been used to pre-
pare nanocomposites of PANI/TiO, and TP-50, TP-100, and TP-150 were used for
the mole ratio of [APS]/[ANI]% (1.25). The photodegradation reaction of methyl-
ene blue and rhodamine B in a suspension has been used to determine the potential
applicability of prepared PANI/TiO, nanocomposites as a photocatalyst. It has been
reported that all nanocomposites were able to degrade methylene blue and rhoda-
mine B faster as compared to pristine TiO,. The nanocomposites TP-50, P/T-100,
and P/T-150 were able to remove 85% of rhodamine B and 20% of methylene blue
from the solution of dye at the exposure of 360 min, while 17% of rhodamine B and
5.5% of methylene blue was removed from the same solution using nanoparticles of
pristine TiO, at the same time of exposure. TP-50/TP-100 has been used to achieve
excellent photocatalytic activity. It has been observed that only 60% of methylene
blue was degraded within 360 min and rhodamine B completely degraded after the
same time. The interaction of hydroxyl groups of the TiO, nanoparticle with car-
boxyl groups of rhodamine B dyes was responsible for the increase in PANI content
in the nanocomposite and hence the photocatalytic activity of PANI/TiO,nanocom-
posites increases in the process of rhodamine B degradation. If the PANI-emeral-
dine salt formed was chief, then there was a repulsion between the cationic groups
of dyes and the positively charged chains of PANI-emeraldine and hence it was

@ Springer



4754 Polymer Bulletin (2021) 78:4743-4777

responsible for the hindrance in the repulsion of rhodamine B dyes with the surface
of TiO, nanoparticles. The optimal photocatalytic activity of the TP-100 nanocom-
posite sample had been argued by the protonation of PANI-EB form with the car-
boxyl group of RB, which revealed increased electrostatic interaction between PANI
chains and dye molecules and consequently to better photocatalytic activity. Zhi
et al. [117] have been synthesized homogenous composite of PANI/TiO, utilizing
peroxy-titanium complex which acts as a TiO, precursor and the oxidant by emul-
sion polymerization technique. Poly(ethyleneterephthalate) (PET) film as a substrate
was used for photocatalytic activities of nanocomposites of PANI/TiO, for studying
the degradation of methylene blue dyes. When the molar ratio of aniline to Ti was
taken 1/1 in the PANI/TiO, nanocomposite, excellent conductivity and photocataly-
sis are observed in Fig. 6.

The electrons generated from PANI have been transferred to the conduction band
of TiO, and holes that have been transferred from the valence band of TiO, are facil-
itated due to the similarity between the highest occupied molecular orbital (HOMO)
of TiO, and LUMO of PANI which is responsible for the increased catalytic behav-
ior. Photocatalytic performance has also been increased due to enhancement in the
adsorption capacity of organic pollutants which is caused due to intermolecular
interaction between PANI and dye molecules over nanocomposites.

Wang et al. [103] synthesized PANI doped with camphor sulfonic acid (CSA)/
TiO, nanocomposites via dispersion polymerization method for photocatalytic
experiments by using different initial mass ratios of PANI to TiO,. 1:200, 1:300,
1:400, 1:500, 1:600 and 1:700. These nanocomposites were designated as PANI/
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Fig.6 The time courses of RB degradation ratefor TiO, and Ns under visible light irradiation with dif-
ferent mass ratios of PANI to TiO, at 0.5:100, 0.75:100, 1:100, 2:100, and 5:100. Note: RB, rhodamine
B; PANI, polyaniline. Reproduced from Journal of Molecular Catalysis A: Chemical, vol. 357, pp. 19-25
Liuan Gu, Jingyu Wang, Rong Qi, Xiaoyu Wang, Ping Xu, and Xijiang Han, A novel incorporating the
style of polyaniline/TiO, composites as effective visible photocatalysts, © 2012, with permission from
Elsevier
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TiO, (1:200), PANI/TiO, (1:300), PANI/TiO, (1:400), PANI/TiO, (1:500),
PANI/TiO, (1:600) and PANI/TiO, (1:700).

The adsorption capacities were increased in the dark by the introduction
of PANI to the nanocomposites. The adsorption capacity of the composite of
PANI/TiO, firstly increased and then started decreasing by decreasing the con-
tent of PANI. 1:500 mass ratio of PANI to TiO, represents the highest capacity
of adsorption of the composite of PANI/TiO,. The change in the structure of the
surface results in the variation in the capacity of adsorption of the composite
of PANI/TiO, with the change in the PANI to the TiO, mass ratio [118]. It has
been observed from the experiment that the self-photolysis of methylene blue
is slow in the absence of photocatalyst and after the irradiation of visible light
for 120 min; the efficiency of degradation is lower than 34%. In photocatalysis,
firstly there was an increase in the photocatalytic activity but then it starts to
decrease with the decrement of PANI to TiO, mass ratio from 1:200 to 1:700.
Composites with PANI to TiO, mass ratios from 1:400 to 1:700 exhibit clear
synergetic effect between PANI and TiO,, PANI to TiO, mass ratio from 1:500
exhibit optimum of the sensitized effect. The photocatalytic activity of compos-
ite photocatalyst was lower due to occupation of active sites of TiO, by a large
amount of PANI which results in rapid degradation of methylene blue dyes as it
is unable to reach the active sites of the TiO, nanoparticles and hence under visi-
ble light irradiation, more electron holes pair generated with time. In UV-visible
spectra, fast dye degradation of methylene blue at adsorption peak 664 nm was
observed. During the irradiation, the shift of peak was from 664 to 630 nm in
the absorption maximum wavelength. The N-demethylated derivatives of meth-
ylene blue are characterized by blue-shifted absorption. The absorption spec-
tra of the mixture of N-demethylated analogs of methylene blue in the visible
region were broadened. Zhang et al. [119] also observed the broadening and the
blue shifts of the absorption bands in aqueous semiconductor TiO, dispersions
during photo-oxidative degradation of methylene blue under irradiation with UV
light. A simple method was employed for the synthesis of PANI-sensitized TiO,
composite photocatalysts. The photoresponse revealed that the photocatalytic
efficiency of the nanoparticles (NPs) of TiO, was extended by the use of PANI.

The degradation of methylene blue in an aqueous solution under visible light
has been carried out to evaluate the photocatalytic activity of the resulting com-
posite photocatalysts. PANI-sensitized TiO, composite photocatalysts with cer-
tain mass ratios of PANI to TiO, showed higher photocatalytic activity than bare
TiO, under visible light; PANI/TiO, (1:500) achieved the best performance. This
can be attributed to the sensitized effect of PANI and the charge transfer from
the photoexcited sensitizer to TiO,. Also, the composite photocatalysts have
good photocatalytic stability and can be reused five times with the only gradual
loss of activity. Thus, the PANI/TiO, nanocomposites were efficient photocata-
lytic materials for degrading contaminated colored wastewater for reuse in tex-
tile industries under mild conditions [120].
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Degradation of methyl orange (MeO) and orange I

Photocatalytic degradation of MeO and orange II has been investigated by preparing
PANI-TiO, composite nanotubes by Cheng et al. [84] using the assembly method.
PANI/TiO, composite and PANI nanotubes showed a degradation rate of 98.1 and
95.6% for MeO and both have high photocatalytic activity. The decolorization effi-
ciency was 98.6% as compared to 76.7% for PANI nanotubes when PANI/TiO, com-
posite nanotubes were used as the catalyst. Naphthalenesulfonic acid (a-NSA) has
been used by Cheng et al. [84] as the dopant for the synthesis of PANI and PANI/
TiO, nanocomposite by the self-assembly to carry out the degradation of MeO and
orange II. PANI/TiO, composite nanotubes with size 200—400 nm were used for the
photodegradation of MeO and orange II under UV irradiation. 91.3% was the rate
of decolorization of orange II for nanocomposite and 94.2% for PANI nanotubes.
Pseudo-first-order reaction kinetics has been followed by photocatalytic degrada-
tion. Due to the low surface area, the TiO, rate constant was greater than compos-
ite nanotube and PANI, i.e., 0.023 and 0.021 min~'. For the photocatalytic inves-
tigation of MeQO, a similar process has been executed. Decolorization of MeO for
composite nanoparticle was found to 69.5% and 97.2% for PANI nanotubes which
were utilized as a catalyst. The rate constant for composite nanotubes and normal
PANI were 0.027 and 0.012 min™'. Pseudo-first-order kinetics was followed in the
photocatalytic degradation. Transfer of photo-induced radical energy from PANI to
TiO, was responsible for the slower degradation rate of MeO as compared to orange
II. The photocatalytic activity of nanocomposite was investigated against methylene
blue by Jeong et al. [121] by formulating a one-dimensional morphology of nano-
composite tubes utilizing PANI/TiO, hybrid. After 300 min of exposure, the deg-
radation efficiency of methylene blue was 11 % for PANI nanotubes, 39% for TiO,
NPs, and 85% for nanocomposites. The efficiencies for methylene blue decomposi-
tion were recorded 58, 71, 77 and 65% PANI, TiO,, PANI-TiO,-S, and nanocom-
posite. Nanostructures of PANI and the joint effect of PANI and TiO, constituent
in the hybrid were responsible for the origination of PANI-TiO,-S with the high-
est efficiency. Electronic transition and the intersystem crossing were responsible
for the production of singlet and triplet species which explained the degradation
of methylene blue. Advance oxidation species generated by TiO,, PANI, and their
hybrid catalyst were able to degrade the methylene blue [122]. In the mechanism of
photosensitization, it has been explained that excited electron of PANI (e~ CB) was
injected into CB of TiO,, which then reached the surface and upon reaction with O,,
generated O, species, while h™ in VB reacted with OH group that generated OH".
TiO, facilitated the charge separation in PANI, whereas PANI-sensitized TiO, in the
visible region as shown in Fig. 6.

For visible-light photocatalytic activity toward degradation of MeO, Lin et al.
[123] synthesized flexible nanofiber membranes of TiO,/SiO,. The amount of load-
ing of PANI was found 1.0%, 2.3%, 2.6%, and 5.1% on the TiO,/SiO, nanofiber
membrane for P/TS-0.5, P/TS-1, P/TS-2, and P/TS-4 samples. P/TS-1>P/
TS-0.5>P/TS-2>P/TS-4>P/S>TS > TiO, > blank was the order for the efficiency
of photocatalytic degradation of MeO under visible light. P/TS-1 nanofiber mem-
brane had shown excellent photocatalytic activity under visible light and MeO was
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degraded by 87% in one and a half hours (Figs. 7, 8). The active sites of the photo-
catalysts have been blocked by the presence of residual organic dyes in the nanofib-
ers which were responsible for the decrease in the photocatalytic activity shown in
Fig. 9. The degradation of methyl orange by PANI/TiO, is also shown in Fig. 9.
Hydrothermal process and low-temperature calcinations treatment methods were
used by Liu and coworkers [124] for the synthesis of PANI/TiO, nanocomposites.
The photocatalytic activity of nanocomposite of PANI/TiO, was higher as com-
pared to bare and nitrogen-doped TiO,. The good photocatalytic activity has been
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Fig.7 A representation of the reaction mechanism of PANI/TiO, nanocomposites: a the oxidative
polymerization of aniline initiated by PTC, b the formation of anatase-type TiO, from PTC precursor.
B a Photocatalytic degradation efficiency and conductivity of PANI/TiO, nanocomposites with different
molar ratios of AN/Ti, b Photocatalytic degradation curves of aqueous MB irradiated under UV light
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Fig.8 Schematic of the band excitation and advanced oxidation species formation in a TiO, and b
PANI-TiO,—S hybrid photocatalyst. Reproduced from Polymer-PlasticsTechnology and Engineering,
Vol. 54 (17), pp. 1850-1870, Ufana Riaz, Ashraf SM, Jyoti Kashyap, Role of Conducting Polymers in
Enhancing TiO,-based Photocatalytic Dye Degradation: A Short Review, © 2015 with permission of
Taylor & Francis
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Fig.9 Mechanism of degradation of Methyl Orange by PANI-TIO, photocatalysts. Reproduced with
permission from ACS, J. Phys. Chem. C 116, pp 5764-5772, Yangming Lin, Danzhen Li, Junhua Hu,
Guangcan Xiao, Jinxiu Wang, Wenjuan Li, and Xianzhi Fu, Highly Efficient Photocatalytic Degradation
of Organic Pollutants by PANI-Modified TiO, Composite © 2012, with permission of ACS

exhibited by photocatalyst of PANI/TiO, under the longer wavelengths of light
toward 4-chlorophenol and MeO. The greater mineralization rate of 4-chlorophenol
and MeO in comparison with pristine TiO, has been exposed by the total organic
carbon under visible and UV irradiation, 3.0 at 100 °C, 2.95 at 150 °C, and 2.80 eV
at 200 °C were the expected bandgap of the PANI/TiO, nanocomposite correspond-
ing to different temperatures. From this, it is clear that nanocomposites revealed nar-
row bandgap as compared to pristine TiO,. No activity was exhibited by organic
pollutant in absence of photocatalyst and the increase in temperature resulted in an
enhancement in photocatalytic activity. Nitrogen-doped TiO, was utilized as a refer-
ence catalyst. The order for the efficiency of degradation of MeO in visible light was
as follows

Blank < P/T-100 °C < TiO,-100 °C < TiO,-200 °C <P/T-150 °C < P/T-200 °C.
From Fig. 8, it has been observed that the outstanding photocatalytic activity
under visible light has been exhibited by nanocomposite of PANI/TiO, at 200 °C
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for the MeO degradation. The rate of degradation of MeO over PANI/TiO, at
200 °C was better than of pure TiO, at 200 °C in visible light.

The key point is a wide and strong absorption band of PANI in the visible
region makes it easy to excite charge transfer from HOMO to LUMO and then
offer an electron to the CB of TiO, and itself accept a hole from VB of TiO, lead-
ing to a restraining of the recombination of the electron—hole pair and finally pro-
moting the migration efficiency of photogenerated electron—hole on the interface.
The other factor is the increased absorptivity of pollutants over photocatalyst and
consequently affecting the photocatalytic performance. The experiments of TOC
also reflect that PANT has a special role in the photocatalytic process.

The photocatalytic activity of the PANI-modified composite of CoFe,0,-TiO,
has been studied by Leng et al. [125] toward the degradation of methylene blue
under irradiations of UV and visible light (Fig. 10). The photocatalytic activ-
ity has been increased due to the synergistic effect between PANI, TiO,, and
CoFe,0,. The recombination of holes and electrons was blocked as the layer of
PANT acts as a barrier between the active shell of TiO, and magnetic CoFe,0,.
The pairs of electron and holes have been generated under visible light due to
the absorption of photons by PANI and CoFe,O,. From Fig. 11a, the Type 1
nanocomposites demonstrate that the photo-generated electrons from the low-
est unoccupied molecular orbital of PANI were transferred to the conduction
band of TiO, and after that, it jumps to the conduction band of CoFe,0,. From
Fig. 11b, Type 2 nanocomposite demonstrates that the holes in the valence band
of CoFe,0, jumps to the valence band of TiO, and after that, it has been trans-
ferred to HOMO of PANI which results in slow recombination of charge and fast
separation of charge.
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Fig. 10 Process of photocatalytic degradation of MeO, a C/Co vs illumination time plot, b the compari-
son of kinetic constants over the P/T-200 °C, TiO,-200 °C, and TiO,-xNx under visible light with differ-
ent wavelengths (420 nm <k <800 nm, 550 nm <k <800 nm) Reproduced with permission from ACS,
J. Phys. Chem. C 116, pp 5764-5772, Yangming Lin, Danzhen Li, Junhua Hu, Guangcan Xiao, Jinxiu
Wang, Wenjuan Li, and Xianzhi Fu, Highly Efficient Photocatalytic Degradation of Organic Pollutants
by PANI-Modified TiO2 Composite © 2012, with permission of ACS

@ Springer



4760 Polymer Bulletin (2021) 78:4743-4777

(a) Energy(eV)

b -1.0
P
L LUMO
CB 3.0 e
f_-\ T ; i
D | o
Moo=
CoFe,0, TiO, -
e <70
L ] PANT

(b)

OOO ! .o

hy

-
<
cssscsscccs P

Fig. 11 Possible charge carrier transfer mechanism in the CoFe,0,~TiO,- nanocomposites (PCT) system
under UV light irradiation a the CoFe,0, is encapsulated in the TiO, matrix and b the iron oxide phase
is fixed on the surface of TiO,. Reproduced from Polymer-PlasticsTechnology and Engineering, Vol. 54
(17), pp. 1850-1870, Ufana Riaz, Ashraf SM, Jyoti Kashyap, Role of Conducting Polymers in Enhanc-
ing TiO,-based Photocatalytic Dye Degradation: A Short Review, © 2015 with permission of Taylor &
Francis

@ Springer



Polymer Bulletin (2021) 78:4743-4777 4761

The thermal method of degradation has been used by Zarrin and Heshmatpour
[126] for the preparation of nanocomposites of TiO,/Nb,Os5 and TiO,/Nb,0Os/RGO.
Likewise, the hydrothermal method and in situ chemical oxidative polymerization
method was used for the synthesis of TiO,/Nb,O5/PANI nanocomposite.

At the pH=9 and pH=35, excellent photocatalytic activities have been obtained
for MB and MeO. Zero-point charges are near to pH=6.9 for TiO, photocatalyst
and its surface charge is equivalent to zero. The surface of the catalyst has a nega-
tive charge in the basic conditions and positive charge in the acidic medium. The
reaction of —OH ions with the positive pores of the catalyst surface is responsible
for the generation of hydroxyl radicals and has an important function in the decol-
orization process [127]. The concentration of hydroxyl radicals decreases as a result
of a decrease in —OH ions due to the presence of H* ions in the acidic medium.
The efficiency of decolorization decreased in some conditions. The greater number
of hydroxide ions in the reaction solution leads to the creation of more hydroxyl
radicals in the basic medium. From the previous observation, it is observed that the
methylene blue has a cationic appearance in solution. Methylene blue can be easily
adsorbed onto the photocatalyst because of the significant negative charge on the
surface of the photocatalyst [128].

The adsorption will be retained by the acidic solution. Many primary oxidants
are produced due to the photo-degradation of methylene blue which in turn results
in the production of hydroxyl radicals due to oxidation of adsorbed water. But the
methyl orange exhibit anionic form in the solution. The rate of photo-degradation
in the present experimental situation depends upon the effect of pH. The rate of
photo-degradation was higher in the case of acidic situations as compared to the
basic situations. For the photo-degradation of methyl orange, similar results for pH
effect were obtained [129]. High photocatalytic activity in the acidic medium was
due to the absorption of negatively charged methyl orange on the positive surface
of the photocatalyst which results in the decolorization reaction. The rate of photo-
degradation in the basic condition decreases due to the coulombic repulsion between
dye anion and the photocatalyst surface which was negatively charged and hence
there is a decrease in the absorption of methyl orange photocatalyst surface. The
photodegradation of methylene blue is superior to methyl orange. As RGO supply
negatively charged surface, hence the methylene blue can be adsorbed on the sur-
face of the catalyst. The large molecular size of the methyl orange as compared to
methylene blue results in its lesser degradation. The hydroxyl radicals formed on the
interface of nanocomposite and the adsorption of dye onto the surface of the photo-
catalyst are the factors on which the photodegradation of the dye depends. The two
dyes struggle for the adsorption at the photocatalyst’s surface because the chemical
and physical properties of different dyes are different [130, 131]. The photocatalytic
activity of TiO,/Nb,Os/RGO is found to be highest in comparison with pure TiO,,
TiO,/Nb,0Os, and TiO,/Nb,Os/PANI for the removal of methylene blue and methyl
orange. The photocatalytic activity of TiO, NPs increases due to the existence of
both RGO and Nb,Os.

The obtained results have been indicated that TiO,/Nb,Os/RGO has the highest
photocatalytic activity in the removal of MB and MO dyes under visible light with
the TiO,/Nb,Os/PANI, TiO,/Nb,Os, and pure TiO, samples. Therefore, due to the
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presence of both Nb,O5 (with the separation efficiency for photo-generated elec-
tron—hole pairs) and RGO (with high electrical conductivity and adsorption ability),
this modification has been considered to be a simple and appropriate method for
enhancing the photocatalytic activity of TiO, nanoparticles. The TiO,/Nb,Os/RGO
also exhibits higher photocatalytic efficiency about the TiO,/Nb,Os/RGO, TiO,/
Nb,Osand pure TiO, nanoparticles. It can be related to various reasons such as high
electrical conductivity, low degree of aggregation, the smallness of particle size, and
large specific area [126].

Degradation of malachite green (MG)

Different methods have been used for the preparation of nanocomposites of PANI/
TiO, for degradation of malachite green. Samarah and Kumar [132] synthesized
nanocomposites of PANI/TiO, by adding DBSA to distilled water via stirring and
adding TiO, to the above solution. After that, aniline was added to reaction mixture
to yield PANI-TiO, nanocomposites. The photocatalytic activity of pure TiO, NPs
is less than the PANI-TiO, nanocomposites, for malachite green, a similar degra-
dation condition is used for bulk PANI and PANI NPs. The oxidative property of
the TiO, NPs increases due to the transfer of an electron from TiO, to PANI and
hence increases the photocatalytic activity of nanocomposites. Electron—hole pair is
generated by PANI-TiO, nanocomposite by absorbing energy related to the band-
gap. The adsorption of energy in the form of heat has been released nonradiative
due to the recombination of hole and electron. MGH™ is the reduced form obtained
by the combination of a proton and two electrons with cationic dye MG*. For the
photocatalytic degradation of MG (Malachite green), this step is the rate-deter-
mining step. CO, and NH, were the end products formed by the degradation of the
leuco form of the dye. The oxidative efficiency of the TiO, NPs increases by the
transfer of the electron from the CB of TiO, to the PANI empty states and hence
makes the (Valance Band) VB of TiO, stable. Strong oxidative-reductive states of
the oxide NPs have been formed due to the formation of VB hole and CB electron
by absorption of energy by PANI and then there is a transfer of energy is likely
to NPs. The charge separation has been achieved by attacking PANI particles on
the TiO, surface and electron generated can be taken away from the TiO, surface.
Due to this more effective photocatalyst has been achieved. It has been observed
that due to the transfer of charge between two semiconductors, increased separation
of the photogenerated holes and electrons [133]. The CB of PANI acts as a sink for
the photogenerated electrons as the TiO, band is higher than that of PANI’s CB.
PANI consisting of photogenerated holes was trapped in TiO, particles because pho-
togenerated electrons and holes move in a different direction. The full conjugated
chromophore structure of the malachite green dye has been degraded by the photo-
degradation mechanism due to the decrease in the characteristic absorption band of
malachite dye and no hypsochromatic shift appears [134]. Photoluminescence spec-
troscopy has been utilized for the confirmation of higher photocatalytic activity for
the oxidation of malachite dye on the PANI-TiO, nanocomposite. Also, there was a
decrease in the rate of recombination of excited charge carriers due to the transfer of
electrons from TiO, to PANI [135]. Saramah and his labmates studied degradation
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of Malachite green (MG) by UV illumination using TiO2, PANI and PANI/TiO,
nanocomposites. Radiation of energy was absorbed by PANI/TiO2 nanocomposites
equivalent to its bandgap to generate electron and holes pair. Afterthought, holes,
and electrons release energy in the form of heat by recombining nonradiative. The
rate-determining step of this mechanism is a malachite green dye in the form of a
cation recombining with a proton and two electrons to create a reduced form of mal-
achite green. Finally, the reduced form of dye degrades to the final product, i.e., NH,
and CO, [132].

Photocatalytic degradation activities of MG have been studied using PANI-TiO,
nanocomposite. The rate of degradation of the dye was faster in the presence
of PANI-TiO, nanocomposite as compared to that with pure TiO,. This can be
attributed to faster electron-hole separation in PANI-TiO, nanocomposite which
increases the oxidative properties of TiO,. Hence, the photo injected PANI-TiO,
nanocomposite can act as a promising photocatalyst for the degradation of MG in
industries and laboratories. Higher photocatalytic activity in the oxidation of MG on
PANI-TiO, nanocomposite has been confirmed by photoluminescence spectroscopy
which suggests that photoinjected electrons were transferred from TiO, to PANI,
thereby decreasing the recombination rate of excited charge carriers [136].

Degradation of azo reactive red 45 (RR45) dye

Gilja et al. [137] used ammonium persulfate for the oxidation of aniline monomer
in the presence of TiO, for obtaining nanocomposites. Mole ratio of n(Aniline):
n(Ammonium persulfate) was taken 1:0.25 for the polymerization. 10%, 15%, 20%,
and 25% were the weight ratio of PANI in the composites. 0.8 g of TiO, has been
taken in all procedures. 0.10 was the weight ratio of oxidized PANI versus TiO, in
the case of the composite of 10PANI/TiO,. Different photocatalyst has been synthe-
sized similarly as a sample of 10PANI/TiO, which was as follows:

(a) The stable solution has been obtained by using TiO, (0.8 g) and sulfuric acid
(0.055 ml) and then sonicated for about 15 min to obtain 50 ml of aqueous solu-
tion A.

(b) 0.392 mL of aniline and 0.055 mL of sulfuric acid has been used for the prepara-
tion of aqueous solution B (50 ml).

(c) 50 mL aqueous C solution has been prepared using 0.245 g of ammonium per-
sulfate and 0.055 mL of sulfuric acid for the preparation of aqueous solution C
(50 ml).

Solution A and solution B have been mixed in a reactor container at a rate of
500 rpm for obtaining a stable suspension of aniline-TiO, and stirred for about 15 min.
The solution C has been added to the reactor container for the in situ polymerization
process then the total reaction mixture of 200 ml has been obtained by adding water.
The solution has been stirred at room temperature for a day. A similar procedure to
10PANI/TiO, has been employed for the preparation of pure PANI samples but TiO,
was not added. A dark green product has been obtained by the in situ polymerization
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process and then the end product was washed with water. Centrifuged and then dried
for a day at 60 °C.

Discoloration monitoring through photocatalysis has been used to find out the deg-
radation of the chromophore group of azo RR45 dye (reactive red) (Scheme 1). Total
organic carbon has been determined to investigate the degree of mineralization of RR45
azo dye from nontoxic species [138]. 15PANI/TiO, photocatalyst has given better per-
formance and has been used for the degradation of RR45 by which 80% of total organic
carbon (TOC) was removed and 35% and 41% TOC has been removed by using TiO,
and 10PANI/TiO,. Photocatalysis and efficiency of the catalyst are the conditions on
which the degree of degradation of the RR45 dye depends. It has been observed that
the 15PANI/TiO, catalyst was most effective for the degradation of RR45 azo dye as
compared to other catalysts and TiO,. The decomposition products formed which were
harmful are not able to block the catalyst and hence the 15PANI/TiO, nanocomposite
was successful for the photocatalytic wastewater treatment [139].

The generation of excited electrons and holes by absorbing photons with energy
higher than 3.2 eV was suggested by Umar et al. [140]. If the holes from the valence
band and electron from the conduction band are jumped to the surface of TiO, then
only the photocatalytic reaction will take place [141]. The immobile active sites of
TiO, are partially blocked by the formed intermediates because the process of degra-
dation is not always complete. The active sites of the PANI are partially immune to
the intermediate blockage as its active sites are mobile [142]. Gilija and his labmates
prepared PANI/TiO, nanocomposites in various ratios for photocatalysis and 15PANI/
TiO, were found most suitable having the smallest homogenous particles of PANI.
These presented the highest photocatalytic efficiency under ultraviolet A (UVA) irra-
diation as compared to pure TiO, and it can be explained by the establishment of uni-
formly dispersed PANI chains on the TiO,nanoparticles that was found responsible for
the synergistic PANI-TiO, effect [143]. The surface of TiO, has been protected from
the blockage of intermediates by the PANI present in the composite which is due to the
enhanced photocatalytic performance of 15PANI/TiO, as compared to TiO,. The pho-
tocatalyst process is facilitated by PANI which allows the PANI-TiO, synergetic effect
and hence can reduce the recombination process of electron and holes in TiO,. In situ
chemical oxidation of aniline results in the preparation of photocatalyst of PANI/TiO,
composite. It was observed that the concentration of aniline depends upon the pho-
tocatalytic properties, morphology, and aggregation processes (Scheme 2). With the
increase in the concentration of aniline, the conductivity of composites did not increase
linearly [123].

As a result, it has been observed that 15SPANI/TiO, composite demineralized 80%
whereas pure TiO, demineralized only 35% of RR45 dye. The higher photoactivity
efficiency of the composite catalysts has been explained by the achieved PANI-TiO,

Scheme 1 Photocatalytic degra- TiO, hy ht +e
dation of Malachite green Bt e ho heat
MG™ +H* +2¢~ —— MGH™ (leuco)

MGH™ (leuco)——— NH, + CO,,
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synergistic effect. The PANI-TiO, synergistic effect was additionally confirmed by
UV/Vis photocatalysis, as 15SPANI/TiO, (vs. pure TiO,) yielded a more efficient cata-
lytic process. To gain a deeper insight into the photocatalytic process of wastewater
purification by 15PANI/TiO, composite, it is necessary to further investigate the effi-
ciency of water load, degradation kinetics as well as modeling of the system to achieve
optimal experimental conditions [144].

Degradation of rhodamine B (RB)

The common method has been used for the preparation of nanocomposite catalysts
of TiO,/PANI was given by Reddy [145]. Solgel method and hydrothermal process
with some modification have been used for the preparation of TiO, NPs at 550 °C.
Nanocomposites have been prepared without utilizing TiO, by using pristine PANI
under the same conditions required for the solgel method. TiO,/PANI-0, TiO,/
PANI-5, TiO,/PANI-10, TiO,/PANI-15, and TiO,/PANI-20 were used for denoting
the nanocomposite catalyst of TiO,/PANI. Different weight % of TiO, was used
for the investigation of photocatalytic activity of the TiO,/PANI and TiO, nanopar-
ticle. The rate of decomposition of RB dye has been used for the evaluation of the
composite catalysts of TiO,/PANI. The rate of degradation of RB dye was high in
the presence of nanocomposite of TiO,/PANI-20. A plot of —In(Co/C) vs. time for
20% concentration of hybrid catalyst of TiO,/PANI has been drawn and it has been
observed that 0.954 is the regression coefficient and the equation follows first-order
degradation kinetics and the rate constant of the reaction was 0.007642 min".
Photocatalytic degradation of methylene blue has been observed in the presence
of hybrid catalyst TiO,/PANI-20 and nanoparticle of TiO, under UV light. In the
absence of photocatalyst, the black test was carried out under irradiation with UV.
Minimum methylene blue degradation was shown by the photocatalytic test whereas
27% methylene blue degradation in the presence of nanoparticle of TiO, when
exposed to UV irradiation. On the other hand, 73% of methylene blue was degraded
in the presence of nanocomposite of TiO,/PANI (Fig. 12). Synergistic effect results
in greater photocatalytic activity of the composite catalysts of TiO,/PANI. The
rate of degradation of dye in the presence of nanoparticle of TiO, and composite
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Fig. 12 RR 45 dye removal after 90 min of photocatalysis with TiO, and PANI/TiO,. Reproduced from
nanomaterials, Vol. 7(12), pp. 412, Vanja Gilja, Katarina Novakovi, Jadranka Travas-Sejdic, Zlata Hrn-
jak-Murgi, Marijana Kralji Rokovi and Mark Zic, Stability and Synergistic Effect of Polyaniline/TiO,
Photocatalysts in Degradation of Azo Dye in Wastewater © 2017 with permission of MDPI

catalyst of TiO,/PANI-20 has been observed by a plot In(C/Co) vs. time and it was
observed that it follows first-order degradation kinetics for hybrid catalyst and 0.95
is the regression coefficient. The observed value for the regression coefficient was
equivalent to the experimental data [115, 145]. A photolytic degradation mechanism
of Rhodamine B by PANI/TiO, was proposed by Jing Ma and his labmates based
on the results obtained, Fig. 13. They discussed the LUMO and HOMO potential
gap of PANI was higher as compared to the conduction band and the Valence band
of TiO, revealed that HOMO of PANI is in between conduction ad valence band
of TiO,. When light irradiated, PANI and TiO, generated electron-hole pair. The
holes generated in the valence band of TiO, injected in HOMO of PANI, while the
electrons generated at LUMO of PANI at the same time transfer to the conduction
band of TiO,. Therefore, a charge separation occurred and stopped electron—hole
recombination at the surface of nanocomposites and promotes photocatalytic activ-
ity. The migrated electrons at the conduction band of TiO, oxidatively interacts with
the surface oxygen to yield superoxide anion radicals (-O27) as well as the holes at
HOMO of PANI reacts with water to generate hydroxyl radical (OH’). These super-
oxide anion radical and hydroxyl radicals are responsible for photocatalytic dye deg-
radation of Rhodamine B by PANI/TiO, nanocomposites [146].

To investigate the reusability of catalysts, TiO, and the composite of TiO,/
PANI undergo three photocatalytic cycles to examine the reusability of the cata-
lyst and every cycle lasts for 3 h 20 min. The catalyst obtained by photocata-
lytic reaction without any treatment was utilized for an additional two runs after
its separation. 34% of RhB was degraded by TiO, particles in 3 h 20 min after
3 cycles. It was observed that the degradation of phenol and methyl blue was
28% and 24% after three cycles and 51% and 67% was the activity of composite
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Fig. 13 Schematic representation of Rhodamine B dye degradation using PANI/TiO, nanocomposites.
Reproduced from Renewable Energy, Vol. 156, pp. 1008-1018, Ma, Jing, Jianan Dai, Yinli Duan, Jia-
jia Zhang, Liangsheng Qiang, and Juangin Xue. “Fabrication of PANI-TiO,/rGO hybrid composites
for enhanced photocatalysis of pollutant removal and hydrogen production.” © 2020 with permission of
Elsevier

catalyst of TiO,/PANI for the degradation of phenol and methyl blue at 3 h 20 min
irradiation time. Hence it was observed that the composite catalysts exhibit reus-
able property. From these observations, it was observed that the efficiency of deg-
radation of three pollutants using composite catalysts of TiO,/PANI is consider-
ably higher as compared to pure TiO, in 2 h of UV irradiation time. The probable
reasons for improved activity are-

@
(i)

(iii)

@iv)

Coupling of PANI and TiO, results in the effective charge separation of photo-
generated holes and electrons.

The rate of dispersion of TiO, nanoparticles (NPs) increases in the composite
of TiO,/PANI which increases the catalytic activity of the composite catalyst.
This result leads to more adsorption of molecules of dye onto the catalyst’s sur-
face. Hence, it results in stronger interaction between the dye solution and the
composite catalyst of TiO,/PANI.

Different optical behavior was exhibited by the composite catalysts of TiO,/
PANI as compared to NPs of pristine TiO,. Besides the absorption of UV light,
the composite catalyst can also absorb visible and near-IR light. The adsorption
of the light is responsible for the increase in the photoactive region of NPs of
TiO, and hence the observation indicates that the PANI is an outstanding pho-
tosensitizer for TiO, nanoparticle.

The photocatalytic activity of composite increases due to the modification of
PANI onto the TiO, nanoparticle.
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(v) The results indicate that the rate constant for TiO, coated with PANI is improved
as compared to pure TiO,. Hence, the efficiency of degradation of methylene
blue, RB, and phenol is greater for the composite catalyst of TiO,/PANI.

In-situ chemical oxidative polymerization technique was used for the synthesis of
PANI-modified TiO, and its photocatalytic, structural, and morphological proper-
ties were characterized. The photocatalytic activity of photocatalysts is higher than
the unmodified TiO, for the degradation of dyes. After 180 min of irradiation, it
was observed that more than 80% of the RB was degraded by using the composite
catalyst of TiO,/PANI with 20% of TiO,. 0.007642 min~! is the rate constant for
20% nanocomposite of TiO,/PANI. It was observed that the rate of degradation of
pollutants by composite catalyst was higher as compared to pristine TiO,. 0.0038
& 0.00684 min~! are the rate constant for phenol and methylene blue. Thus, this
work gives an idea for the preparation of TiO, modified with another electron-donat-
ing functional material (e.g., porous carbons, graphene nanosheets, carbon nitride,
reduced graphene oxide, one-dimensional carbon nanofibers, quantum dots, etc.) or
organic conjugated polymers such as polythiophene, polytoluidine, polyanisidine,
etc. [147].

Comparison of the effectiveness of degradation between PANI-TiO, with other
compounds

PANI has a narrow bandgap of 2.8 eV which is an outstanding candidate to sensi-
tize TiO, nanoparticles having a bandgap of 3.2 eV. The superior photocatalysis of
dye with PANI/TiO, nanocomposites ascribed to the sufficient electron-hole charge
separation and electrons from n—n* absorption band of PANI transferred to the con-
duction band of TiO, nanoparticles and holes created on valence band of TiO2 got
transferred to HOMO of PANI. Therefore, in the valence band, there is an excess of
the hole which produces hydroxyl and superoxide radicals on the surface of TiO,,
to increase photocatalytic activity [148, 149]. The decoloration efficiency for dye
degradation by nanocomposites was found 98.6% as compared to pristine PANI and
TiO, [150].

Many researchers synthesized nanocomposites of PANI with ZnO (zinc oxide)
having a bandgap of 3.37 eV which is wide as compared to TiO,. However, ZnO is
too inexpensive but it is superior to TiO, for commercial consideration. Saravanan
et al. [64] prepared PANI/ZnO nanocomposites for effective visible-light photocata-
lytic degradation of methyl orange and methylene blue dyes. When the nanocom-
posite surface was illuminated by light then intermolecular interaction between ZnO
and PANI took place. When PANI was excited about n—n* transition of electrons
then electrons from LUMO of PANI transferred to the conduction band of ZnO
which resulted in the formation of superoxide anion radical and hydroxyl radical,
responsible for photocatalytic dye degradation. The coupling of ZnO with PANI
effectiveness of photocatalysis is effective in natural sunlight too. In this regard,
nanocomposites of PANI/ZnO were analyzed and resulted in 99% efficiency for dye
degradation after 5 h of irradiation under natural sunlight [151].
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In case of PPy/TiO, nanocomposites, the degradation of methylene blue dye
increased to 74.08% after 1 h of UV exposure, while in case of pristine PPy, it was
found only 8.47% in absence of TiO,, while some other researchers reported that
50% decay in absorbance of dye degradation in the presence of PPy film containing
TiO2 as compared to pristine PPy, i.e., 1.4% [152]. The methyl orange dye deg-
radation with PTh/TiO, was found to 56.6% after 3 h of UV exposure. The decol-
orization of methyl orange for TiO, and its composites with PANI in various molar
ratios were calculated to be 77.6, 90.1, 92.7, and 86.8 respectively which indicated
enhanced photocatalytic degradation of dye in presence of polythiophene.

Conclusion

This review reveals that PANI act as an effective sensitizer for TiO, nanoparticles.
The performance of PANI-sensitized TiO, nanocomposite is depended on various
structural parameters. The efficiency of the separation of photogenerated electrons
should be sensitively varied by the interfacial interactions between the PANI back-
bone and the substrates of oxide. For enhancement of photocatalytic activity, cova-
lent bonding promotes the electronic coupling which is beneficial for electron injec-
tion from the PANI excited state into the CB of TiO,. The structures of the dye
molecules also affect the electron transfer at the interface between the dyes and the
nanocomposite surface. Since the photocatalytic activity of these materials depends
on their light-responsive range and carrier-separation capacity. PANI-TiO,-based
photocatalysis has been used for their potential application in environmental reme-
diation with special emphasis on methylene blue and rhodamine B dyes. This review
concluded that PANI/TiO, nanocomposites are highly efficient photocatalytic mate-
rials for degrading contaminated colored wastewater for reuse in textile industries
under mild conditions.
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