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A B S T R A C T   

Photodegradation of polystyrene (PS) was studied under ultraviolet (UV) radiation, using nano TiO2, surface 
modified with polyaniline (PANI). X-Ray diffractogram reveals that the crystalline structure of TiO2 remained 
intact in TiO2-PANI composites. The existence of strong molecular interaction between TiO2 and PANI lead to a 
decrease in the optical bang gap energy of TiO2 in the composites. PS loaded with TiO2-PANI composites un
derwent better chain scission and photo-oxidation compared to PS and PS-TiO2 composites, upon UV irradiation. 
TiO2-PANI composites enhanced the mechanical properties (tensile and flexural) of PS appreciably. Tensile and 
flexural strengths however decreased with respect to UV exposure time, proving mechanical deterioration of the 
polymer composites as an outcome of photodegradation. Thermal stability of the composites too decreased upon 
UV exposure. A decrease in the values of break down voltage as well as increase in dielectric permittivity of the 
composites upon UV irradiation suggests the formation of charge centers and polarisable species in the polymer 
matrix. All the polymer composites underwent considerable weight loss due to the formation and evolution of 
volatile gases, during the course of photodegradation. Suitable mechanism of degradation of PS composites was 
proposed based on the observed results.   

1. Introduction 

20th century witnessed rapid growth in plastic production world
wide [1]. The global production of plastics was estimated to be around 2 
metric tons in 1950 [2]. The total quantity of plastic produced between 
the years 1950 and 2018 was around 6 billion tons. Out of these only 
21% has been incinerated or recycled, while the remaining 79% were 
left untreated [3]. Disposable plastic commodities comprises 50% of the 
total plastics ever produced [4]. Increase in the global plastic produc
tion, lead to an increase in the concentration of plastic debris spread 
across the world, threatening the ecosystem seriously [5]. Even though 
most of the commodity plastics like polystyrene, polypropylene, poly
ethylene, polyvinyl alcohol, polymethyl methacrylate etc are non- 
biodegradable, they could be degraded photochemically. The so called 
photodegradation, even though a slow process, could be considered a 
safe method for the demolition of polymer debris. The process neither 
requires additional expensive energy nor does produce any hazardous 
side products during the course. Photodegradation causes chain 

dissociation in polymers along with oxidation. The physical, chemical, 
mechanical, electrical and optical properties of the polymer are severely 
affected after photodegradation [6,7]. Macromolecular residue left 
behind after the process could undergo biodegradation much easily. 
Photodegradation could be implemented as a common system of plastic 
waste treatment only if the entire process proceeds in a stipulated time. 
Introducing photocatalysts/ photosensitizers could efficiently accelerate 
the rate of photodegradation. This work mainly studies the accelerated 
photodegradation of polystyrene (PS) under ultraviolet (UV) radiation 
in the presence of surface modified nano TiO2 as photocatalyst. Surface 
modification of TiO2 has been done by coupling it with polyaniline 
(PANI). 

TiO2 is an extensively studied versatile photocatalyst used in various 
applications including environmental remedial measures [8,9]. Satis
factory results were obtained when TiO2 was used as photocatalyst for 
polymer degradation [10–12]. TiO2 absorbs UV radiation of solar 
spectra, owing to its optical band gap energy ranging between 3.2 and 
3.5 eV, resulting in electron-hole pair separation between valence band 
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(VB) and conduction band (CB). Photochemistry of TiO2 entirely de
pends upon the transport of these separated electrons that are excited 
from VB to CB to another molecule or species in its vicinity [13]. Suc
cessful interaction of these free electrons with another species before 
recombination with holes that are left behind in VB may result in pho
tocatalytic reaction. The photocatalytic efficiency of TiO2, however 
cannot be fully utilized due to charge recombination. Modification of 
TiO2 using some other materials/ molecules/ sensitisers can check the 
fast recombination of charges. 

One of the effective methods that could be employed for the 
enhancement of photocatalytic activity of semiconductor metal oxides 
like TiO2 is, coupling them with a suitable conjugated system [14,15]. 
Inorganic semiconductors blended with conducting polymers have 
gained much attention due to their widespread applications which 
include photocatalysis [16,17]. Conjugated polymers like polyaniline 
(PANI) have been of quite interest to the researchers due to its aston
ishing chemistry and physics [18]. The advantages of PANI include high 
stability in environment due to conjugation, high efficiency in carrying 
charges, low cost, ease for preparation etc. Due to these reasons PANI 
has been adopted in various fields of applications including photo
chemistry [19], electrochemistry [20], optics [21], biosensing [22] etc. 
The photochemistry of semiconductor metal oxides which are limited to 
UV region could be extended to visible region also, upon blending them 
with PANI. The extended π-conjugation of PANI which can exchange 
charge carriers with semiconductor metal oxides to which they are 
blended is the primary reason for this. TiO2 behaves like n-type semi
conductor [23] and PANI is considered as p-type semiconducting poly
mer [24]. The combination of p-type PANI semiconductor with n-type 
TiO2 semiconductor hence opens up the path for developing new hybrid 
composites with good capacitance property and stability [25]. TiO2- 
PANI blend exhibit enhanced photocatalytic behavior [26–29]. PANI 
acts as photosensitizer that can enhance the photocatalytic efficiency of 
TiO2 to which it is associated. As PANI can absorb in UV as well as visible 
region of the spectra, incorporation of PANI into TiO2 can reduce the 
band gap energy [30]. Surface modified TiO2 using PANI could hence 
bring about better quantum yield. 

2. Materials and methods 

Nano TiO2 (25 nm) was purchased from Sigma Aldrich, polystyrene 
beads were purchased from LG Polymers India Pvt. Ltd. and aniline was 
purchased from Merck India Pvt. Ltd. The melt flow index of polystyrene 
is 9 g/10 min (test condition: 200 ◦C/5Kg; Test method (ASTM): D 1238 
‘G’). Toluene, hydrochloric acid and deionised water were used as sol
vents. Ultraviolet (UV) lamp of power 30 W and wavelength 253 nm 
(Philips Holland) was used as UV source. 

2.1. Preparation of PANI and TiO2-PANI composites 

Polyaniline (PANI) was synthesized by chemical oxidative poly
merization method. Typically 1.25 ml of aniline was dissolved in 125 ml 
HCl (1 M) solution in a beaker (beaker A) and stirred for 15 min using a 
magnetic stirrer. 3.125 g of ammonium peroxodisulphate (APS) was 
simultaneously dissolved in 125 ml HCl (1 M), in another beaker (beaker 
B) and stirred for 15 min. Contents in beaker ‘B’ was added drop wise 
into beaker ‘A’ with vigorous stirring over an ice bath. The beaker was 
then kept under stirring for 12 h. The green coloured solid mass was 
filtered out from solution. This was then washed using acetone followed 
by distilled water several times. The dark green solid mass hence ob
tained was dried at 60 ◦C for 12 h and ground into fine powder [31–34]. 

TiO2-PANI nanocomposites were developed by insitu polymerisation 
of aniline over dispersed TiO2 via chemical oxidative polymerization. 
Number of moles of nano TiO2 and aniline taken were varied in order to 
get composites with varying mole percentages. In order to prepare TiO2- 
3% PANI composite (3 mol percentage of PANI with respect to TiO2), 
0.034 ml of aniline was dissolved in 35 ml (1 M) HCl in beaker ‘A’ and 

stirred for 15 min. 0.966 g of nano TiO2 was added into the beaker 
slowly and by vigorous stirring. The mixture was sonicated using probe 
sonicator for 30 min. Simultaneously, 0.086 g of APS was dissolved in 
35 ml (1 M) HCl and stirred for 15 min in another beaker (B). Beaker ‘A’ 
was immediately transferred into an ice bath with vigorous stirring and 
the contents of beaker ‘B’ was added drop wise into beaker ‘A’. The 
mixture was stirred vigorously for 12 h. Green solid mass was filtered 
out from the solution, washed with acetone followed by distilled water 
and dried for 12 h at 60◦ C [35]. TiO2-10% PANI and TiO2-30% PANI 
were prepared similarly, varying the mole percentages of TiO2 and PANI 
in each case as give in table 1. 

2.2. Preparation of PS-composite sheets 

PS composite sheets were prepared by solvent casting method [36]. 
3 wt% of photocatalyst was added to PS dissolved in toluene. The 
viscous solution was homogenised using a 750 Watt ultrasonic probe 
sonicator for 40 min, poured into petri dishes and kept in a vacuum oven 
for 12 h. The specimens were allowed to dry under ambient condition for 
7 days. PS-composite sheets hence obtained were exposed to UV radia
tion for photodegradation. PS loaded with 3 wt% nano TiO2 was found 
to exhibit maximum mechanical strength (Fig. S1) and for the same 
reason, photocatalyst loading was optimized to be 3% throughout the 
study. 

2.3. Preparation of PS-composite specimens for mechanical and electrical 
measurements 

Finely chopped PS and PS composite sheets, prepared by solvent 
casting method were fed into an injection moulder (Windsor, India), in 
order to obtain specimens for tensile strength as per ISO-527–2-1A 
standard and flexural strength as per ISO-178 standard (Supporting data 
Fig. S2). Specimens for break down voltage (BDV) determination were 
moulded using a hydraulic hot press. Disc shaped specimens of uniform 
thickness (1 mm) and diameter (75 mm) were obtained. All the samples 
for mechanical strength and BDV determination subjected to UV irra
diation. Tensile and flexural strengths of UV irradiated samples were 
measured using a universal testing machine (UTM). BDV of respective 
specimens, after UV irradiation were measured using a specially 
designed measurement setup as explained in section 2.5. Tensile, flex
ural and BDV measurements were conducted for a set of three samples 
each. 

2.4. Setup for photodegradation of PS-composites 

PS composites were exposed to UV radiation in a wooden chamber 
with ample air supply. The chamber consisted of a UV tube of wave
length 253 nm and power 30 W. The PS composite specimens and the UV 
tube were separated by a distance of 8 cm. All the specimens were 
irradiated for 1000 h and at each regular interval of 200 h the specimens 
were monitored using various techniques as discussed below. 

Table 1 
Mole percentages and weights of the components in TiO2-PANI composites.  

Composite TiO2 

Mole % 
PANI 
Mole % 

Weight of 
nano TiO2 

(g) 

Volume of 
aniline (ml) 

Weight of 
APS in (g) 

TiO2 + 3% 
PANI 

97 3 0.966 0.034 0.086 

TiO2 + 10% 
PANI 

90 10 0.886 0.114 0.286 

TiO2 + 30% 
PANI 

70 30 0.657 0.343 0.857  

S. Dinoop lal et al.                                                                                                                                                                                                                              



European Polymer Journal 153 (2021) 110493

3

2.5. Instrumentation 

X-ray diffractogram of the photocatalysts were obtained using X-ray 
diffractometer (XRD), Aeris, Panalytical. The source of X-ray was 
Copper-K alpha radiation having wavelength 1.5406Aͦ. High resolution 
transmission electron microscope (HRTEM), JEM 2100, Jeol was used to 
study the particle size and morphology of the photocatalysts. Selected 
area electron diffraction (SAED) patterns were also obtained using the 
same instrument. Energy dispersive X-Ray (EDX) instrument, JED 2300, 
Jeol, was used to analyse the elements present in the prepared photo
catalysts. Structural analysis was done using FTIR spectrometer, 
IRAffinity-1S, Shimadzu, Japan. The photocatalysts as well as polymer 
sheets were directly subjected to FTIR analysis without any sample 
preparation, using the FTIR spectrometer, working in attenuated total 
reflection (ATR) mode. UV–visible spectra of the specimens were 
measured directly using UV–visible diffused reflectance spectropho
tometer (UV-DRS), UV-2600, Shimadzu, Japan. BaSO4 powder was used 
as reference sample. Gel Permeation Chromatography (GPC) was used to 
determine the average molecular weight of the polymer specimens. The 
GPC instrument used was LC-20AD, Shimadzu, Japan with silica gel as 
the stationary phase and tetrahydrofuran as mobile phase. Mechanical 
properties of the polymer composites were measured using a universal 
testing machine (UTM), Autograph AG-X plus, Shimadzu, Japan. All the 
polymer specimens were moulded and conditioned according to ISO 
standards, before measuring their mechanical properties. Thermogra
vimetric analysis (TGA) of the specimens was done using the instrument, 

STA 6000, Perkin Elmer, under nitrogen atmosphere. Surface image of 
the polymer specimens were obtained using scanning electron micro
scope (SEM), JSM-6390LV, JEOL. Impedance Analyser, Keysight Tech
nologies E4990A, was used to measure the capacitance of the polymer 
specimens, between the frequency range 20 and 107 Hz. Dielectric 
constant of the specimens was calculated from these measured capaci
tance values. Dielectric breakdown or break down voltage (BDV) was 
measured using specially designed wooden chamber with two copper 
electrodes aligned in a head to head fashion with respect to each other 
(Supporting data Fig. S3). The electrodes were connected to the two 
terminals of a high power alternating current (AC) voltage source. The 
disc shaped sample (1 mm thickness) was placed in between the round 
heads of the electrodes. The chamber was filled with transformer oil so 
as to immerse the electrodes and sample completely. Transformer oil 
served as insulator in order to suppress arcing or discharges of electricity 
which may lead to current leakage and false measurement. Voltage 
needed to break the sample (BDV) was measured for the polymer sam
ples and their duplicates. 

3. Results and discussion 

3.1. Characterization of photocatalysts 

X-ray diffraction peaks of the synthesized PANI observed at 2θ angles 
15.16◦, 21.11◦ and 25.59◦ correspond to characteristic crystal planes 
(011), (020) and (200) of PANI respectively (Fig. 1.) [37]. The peak at 
2θ = 21.11◦ could be ascribed to PANI chains arranged parallel to each 
other (characteristic distance between two chains holding benzene ring 
parallel to each other) while 2θ = 25.59◦ represents perpendicular 
arrangement of the polymer chain [38]. The relative higher intensity of 
2θ = 25.59◦ peak in comparison with that of 2θ = 21.11◦ proves the 
existence of PANI as emeraldine salt [39]. In addition to these three 
peaks, another less intense broad peak observed at 2θ = 9.03◦ represents 
highly ordered structure (crystalline nature) of PANI where d spacing is 
high [40]. 

Diffractogram of TiO2 showed its existence predominantly in anatase 
phase with fewer rutile phase [10,36]. XRD patterns of TiO2-PANI 
composites resembled that of pristine TiO2. The presence of PANI could 
not be identified in the diffractogram of TiO2-PANI composites. 
Hampering of crystal growth of PANI by TiO2 may be the reason for the 
observation [29]. TiO2 particles hamper free chain growth of PANI by 
adsorbing them over TiO2 surface and tethering their chains leading to a 
decrease in the degree of crystallinity of PANI, during the process of 
composite formation [41,42]. Crystallite sizes, determined using 
Scherrer’s formula [43] for TiO2, TiO2 + 3%PANI, TiO2 + 10%PANI and 
TiO2 + 30%PANI were 18.9, 20.5, 20.7 and 20.8 nm respectively. 
Increased percentage of PANI loading thus increased the crystallite size 
of the composites. Inter planar distance (d) calculated using Bragg’s 
equation for TiO2-PANI composites (Supporting information Table S1) 
showed not much appreciable change compared to that of pristine TiO2. 
It could be assumed that the crystal morphology of TiO2 is not much 
affected by PANI incorporation. 

EDX spectra (Fig. 2 A) showed that the composite was pure without 
any other impurities. EDX peaks observed at 4.5, 4.93 and 0.45 keV 
represent the Kα1, Kβ1 and Lα1 peaks of titanium respectively. EDX 
peaks corresponding to oxygen and carbon were also observed at 0.53 
(Kα1) and 0.277 (Kα1) keV respectively. EDX peak for nitrogen which 
was supposed to appear at 0.392 (Kα1) was not visible due to the overlap 
of carbon and titanium peaks with the less intense peak of nitrogen. 
HRTEM image of TiO2 + 10% PANI composite revealed its crystalline 
morphology, without much aggregation (Fig. 2 B). Particle size ranged 
between 20 nm and 60 nm. At higher resolution, lattice fringes with 
0.35 nm spacing were visible (Fig. 2 C). These patterns represent the 
inter planar distance (d) corresponding to (101) crystal planes of nano 
TiO2. Selected area electron diffraction (SAED) pattern of the composite 
(Fig. 2 D) further confirms its crystalline nature through the 

Fig. 1. XRD pattern of PANI, TiO2 and TiO2-PANI composites.  
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distinguishable spots over clear ring patterns. Crystal planes corre
sponding to some of these spots were identified by comparing them with 
XRD patterns as marked in the figure. 

FTIR spectra of PANI showed peaks at 1527 and 1409 cm− 1 corre
sponding to N = Q = N and N-B-N stretching frequencies respectively 
[‘Q’ represents quinoid and ‘B’ represents benzenoid structures] (Fig. 3). 
The coexistence of quinoid and benzenoid structures in PANI was hence 
evident. Peaks at 1265, 1226 and 1069 cm− 1 corresponds to secondary 
aromatic amine C-N stretching, C-Nþ• polaron stretching and N-H 
stretching vibrations in charged polaron units respectively. Broad peak 
between 881 and 690 cm− 1 originated from C-H in plane bending of 1,4- 
disubstituted benzene ring. The peak observed at 1710 cm− 1 corre
sponds to C = N stretching vibration of imine group due to the presence 
of quinoid units in PANI. Peaks around 3617 and 3000 cm− 1 arose from 
N-H and C-H stretching vibrations respectively. The predominance of 
quinoid structure over benzenoid structure in PANI was clear from the 
observed high intense peak of N = Q = N stretching frequency compared 
to that of N-B-N. This observation further revealed the presence of HCl 
doped PANI [37,44,45]. IR spectra of TiO2-PANI composite exhibited all 
the vibration peaks corresponding to pristine PANI and TiO2. The in
tensity of absorption peak belonging to N = Q =N was weaker compared 
to N-B-N in TiO2-PANI composites. As the percentage of PANI decreased 
in TiO2-PANI composites, intensity of N = Q = N stretching vibrations 
decreased. The intensities of C-N, C-Nþ• polaron as well as C = N 
stretching vibrations were weak in TiO2-PANI composites. The charac
teristic absorption bands of PANI, also underwent a considerable shift in 
peak positions upon coupling with TiO2. All these observations indicate 
molecular interaction between TiO2 and PANI. 

UV–visible diffused reflection spectra (UV-DRS) of PANI gave three 
major characteristic absorption bands (Fig. 4 A). The band observed in 
the UV region with maximum absorption at 276 nm could be attributed 
to the transition of electron from π (HOMO) to π* (LUMO) orbitals of 

benzenoid rings (also called exciton transition). A broad band with ab
sorption maxima 418 nm arose due to polaron to π* electron transition. 
This absorption band confirms the presence of polarons (C-Nþ•) in the 
PANI chain as a result of HCl doping. Another broad band with ab
sorption maximum observed at 632 nm attributed to the π to polaron 
transfer within PANI. This band also represents localized electrons in 
PANI [46]. 

UV-DRS of TiO2-PANI composites exhibited the bands corresponding 
to TiO2 as well as PANI with slight peak shifts. The peak observed at 276 
nm for pristine PANI was completely masked by the bands of TiO2 in the 
same region. The peak around 418 nm observed in PANI was slightly red 
shifted. This reveals the fact that the polaron to π* transfer in PANI was 
interrupted through the association of PANI with TiO2. Another striking 
observation was that the absorption band around 632 nm in PANI was 
completely reconstructed in TiO2-PANI composite with an endless long 
tail peak starting from around 480 nm. The “free-carrier-tail”[38] at
tributes to the extended delocalization of electrons, arising due to the 
expansion of PANI chain in association with TiO2. In other words, the 
compact conformation of PANI chain due to strong interactions within 
the chain which gave a band at around 632 nm for PANI, was modified 
in the presence of TiO2 into an expanded conformation. This expanded 
conformation resulted in better delocalization of charge carriers and 
interaction with isolated polarons leading to a “tail band” extending 
beyond the far-red region of the spectra in TiO2-PANI composites. It 
should also be noted from the UV–visible spectra that the band in
tensities corresponding to polaron was decreased in TiO2-PANI com
posites. Even though the presence of TiO2 extended the chain 
conformation of PANI, the intensities of peaks arising due to polaron 
structure decreased as the percentage of TiO2 in the composites 
increased from TiO2-30% PANI to TiO2-3% PANI. This observation 
supports the conclusion revealed from FTIR spectra that the polarons 
decreased in the composites as percentage of TiO2 increased. 

Fig. 2. EDX (A), HRTEM image (B&C) and SAED pattern (D) of nano TiO2-10% PANI composite.  
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Optical band gap energy of TiO2 and TiO2-PANI composites were 
determined from Tauc plote, where, Kubleka-Munk function (F(R)) re
places extinction coefficient (α) to obtain modified Kubleka-Munk func
tion as represented in equ 1. 

F(R)hυ = A(hν − Eg)
n (1) 

Where, F(R) = Kubleka-Munk function, R = reflectance, Eg = optical 

band gap energy, h = Planks constant and ν = frequency of radiation (hν 
represents the energy of photon). The constant n represents the type of 
transition (direct or indirect). 

F(R) was determined from the reflectance spectra of TiO2 and TiO2- 
PANI composites using the relation given below (equ 2) 

F(R) = (1 − R)2
/2R (2) 

The plot of (F(R).hν)2 versus hν, gives the direct allowed optical band 
gap energy (Eg) as shown in Fig. 4 B. It was found that Eg of TiO2-PANI 
composites were lower than pristine TiO2. The value of Eg decreased in 
the composites as the percentage of PANI increased. The observed trend 
in the values of Eg (Table 2) implies that, band gap energy of TiO2 
decreased upon coupling with PANI. 

3.2. Monitering photodegradation 

Observations and conclusions made from various monitoring tech
niques used for the study of photodegradation of PS and PS-composites 
under UV radiation are as discussed below. 

The average molecular weights (weight average Mw and number 
averageMn molecular weights) measured for PS, PS-TiO2 and PS-TiO2- 
PANI composites using GPC, seemed to have decreased as the time of UV 
irradiation is increased (Fig. 5 A). It is clear from Fig. 5 A that PS-TiO2- 
PANI composites showed better decrease in average molecular weight 
compared to PS-TiO2 as well as PS. Better decrease in the values of Mw 

andMn was observed in PS-3% (TiO2-10% PANI) composites compared 
to PS-3% (TiO2-3% PANI) and PS-3% (TiO2-30% PANI) composites. The 
determination of number of chain scissions per molecules (S), number of 
scission events per gram (Nt) and polydispersity index (PDI) were made 
from Mw andMn following the equations (3), (4) and (5) respectively 
[36]. 

Fig. 4. A) UV-DRS and B) (F(R).hν)2 v/s hν plote of TiO2, PANI and TiO2-PANI composites.  

Fig. 3. FTIR spectra of TiO2, PANI and TiO2-PANI composites,  
Table 2 
Values of optical band gap energy of TiO2 and TiO2- 
PANI composites in eV.   

Eg (eV) 

TiO2 3.21 
TiO2 + 3%PANI 2.90 
TiO2 + 10%PANI 2.48 
TiO2 + 30%PANI 2.26  
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S =

[(

Mn)0/(Mn)t

]

− 1 (3)  

Nt =

[
1

(Mn)t

]

−

[
1

(Mn)0

]

(4)  

PDI =
Mw

Mn
(5) 

Where 
(

Mn

)

0 
represents number average molecular weight before 

UV irradiation and 
(

Mn

)

t 
represents the same after UV irradiation of ‘t’ 

hours. 
S and Nt of PS and PS-composites increased with respect to UV 

irradiation time (Fig. 5 B and C). This is a clear indication of increasing 
chain scission on UV exposure. PS-TiO2-PANI composites underwent 
better chain scission compared to PS and PS-TiO2. It is therefore un
derstood that TiO2-PANI composites enhanced the chain scission of PS 
matrix compared to TiO2 under UV radiation. Chain scission was pre
dominant in PS-3% (TiO2-10% PANI) compared to other PS-TiO2-PANI 
composites. The PDI of the specimens also increased upon UV irradia
tion (Fig. 5 D). The maximum increase in PDI was observed for PS-TiO2- 
PANI composites. The increase in the value of PDI suggests that the 
chain scission occurred in a random fashion upon UV irradiation. PS- 
TiO2-PANI composites underwent better decrease in the average mo
lecular weights as well as better chain scission with respect to UV irra
diation compared to PS-TiO2 and PS. The extent of chain scission 
observed in PS-TiO2-PANI composites followed the order PS+(TiO2 +

10% PANI) > PS+(TiO2 + 30% PANI) > PS+(TiO2 + 3% PANI). It could 

be concluded that the optimum percentage of PANI in PS-TiO2-PANI 
composites for effective chain scission under UV radiation is ≈10%. 

ATR-FTIR spectroscopy was used to investigate the chemical changes 
taking place in the PS and PS-composites after UV irradiation. PS, PS- 
TiO2 and PS-TiO2-PANI composites were monitored using ATR-FTIR 
spectroscopy at regular intervals of UV irradiation. The IR spectra of 
all the PS composite exhibited new bands on UV irradiation of 200 h, 
between the ranges 1740–1680 cm− 1 and 1680–1650 cm− 1 that could 
be attributed to carbonyl (>C = O) and alkenic double bonds (>C = C <
) stretching frequencies respectively. > C = O stretching vibration arise 
from the carbonyl compounds (aldehydes or ketones) formed as a result 
of carbon–oxygen bonds formed between the polymer chain and 
adsorbed oxygen (as discussed in section 4, mechanism). The observed 
> C = C < stretching vibrations reveals the formation of alkenes as a 
result of UV initiated homolytic cleavage of C-H bonds wihin the PS 
chain. A remarkable increase in the absorption intensities of these bands 
were observed upon further UV exposure. An increase in the intensities 
of IR absorption bands were also observed between the frequency ranges 
4000–3500 cm− 1 and 1630–1600 cm− 1 that could be attributed to hy
droxyl/ hydroperoxy (–OH /–OOH) and conjugated carbon double bond 
stretching frequency respectively. Formation of alcohols and hydro
peroxides as a result of interaction of PS chain with superoxide or hy
droxyl radicals could be concluded. The formation of conjugated bond 
occurs as a result of C-H bond cleavage as discussed in section 4. These 
observations confirm that the PS composites underwent photo-oxidation 
in the presence of UV radiation. FTIR spectra further revealed that the 
characteristic bands of phenyl ring (centred at 691 cm− 1, 752 cm− 1, 905 
cm− 1 and 1027 cm− 1 due to the C-H out of plane bend and at 1448 cm− 1 

due to aromatic carbon–carbon double bond stretch) endured no 

Fig. 5. A) Weight average molecular weight (Mw), B) Number of chain scissions per molecule (S), C) number of scission events per gram(Nt) and D) Polydispersity 
index (PDI) of PS and PS-composite under different UV irradiation time. 
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observable changes on UV exposure. This observation discloses the fact 
that the phenyl ring of PS remained intact and the photo-oxidation have 
affected only the polymer chain of the PS matrix. An overview of IR 
spectra of PS and all the PS-composites revealed that the extent of photo- 
oxidative degradation was greater in PS-TiO2-PANI composites 
compared to pristine PS (Fig. S4) and PS-TiO2 composite (Fig. S5). PS- 
(TiO2-10% PANI) underwent better photo-oxidation among the PS-TiO2- 
PANI composites under study (Fig. 6). (Refer Fig. S6 and S7 for the FTIR 
spectra of PS-(TiO2-3% PANI) and PS-(TiO2-30% PANI) respectively). 

The UV-DRS absorption spectra of pristine PS showed absorption 
only in the UV region (between 200 and 300 nm), caused by the com
bined absorption of phenyl rings in PS matrix. PS-TiO2 also absorbed 

only in the UV region due to the absorbance of UV light by the electrons 
in the valence bands of TiO2, in addition to the characteristic absorption 
of PS. UV–visible spectra of PS-PANI as well as PS-TiO2-PANI composites 
(Fig. 7) showed absorption bands with two absorption maxima between 
the wavelengths 230–350 nm (UV region), 400–500 nm (visible region) 
and a “tail band” starting from around 500 nm and extending to far-red 
region. As the time of UV irradiation increases, decrease in absorption 
intensities were noticed for all the PS composites under study. The 
decrease in absorption bands observed in the UV region of PS and PS- 
composites arise due to the photodegradation of PS matrix on UV 
exposure. As the time of UV radiation increased from 0 to 1000 h, ab
sorption maxima in the UV region decreased appreciably. The decrease 

Fig. 7. UV-DRS of PS, PS + 3% TiO2, PS-(TiO2-10% PANI) composites and their degradation percentages at different UV exposure time intervals ranging from 0 h to 
1000 h. 

Fig. 6. FTIR spectra of PS+(TiO2 + 10% PANI) composite after different UV exposure time intervals ranging from 0 h to 1000 h.  

S. Dinoop lal et al.                                                                                                                                                                                                                              



European Polymer Journal 153 (2021) 110493

8

in UV absorption was greater for PS-TiO2 composites compared to 
pristine PS. PS-TiO2-PANI composites showed still greater decrease in 
UV absorption compared to PS-TiO2 composites, that highlights better 
photocatalytic activity of TiO2-PANI compared to pristine PANI for the 
photodegradation of PS. Maximum decrease was however observed in 
PS + 3% (TiO2 + 10%PANI) (Fig. 7) compared to PS + 3%PANI, PS +
3% (TiO2 + 3%PANI) and PS + 3% (TiO2 + 30%PANI) (Fig. S8). Slight 
red shift in the absorption bands was also noticed. The red shift may be 
due to the absorption of partially degraded PS in the visible region. 
Formation of conjugated double bonds as observed in the FTIR spectra 
(discussed in section 4, mechanism) may be considered. Degradation 
percentage (D%) of the composites were determined from UV-DRS using 
equ 6. 

D% =

[
(A0 − At)

A0

]

× 100 (6) 

Where, A0 and At denotes the absorbance before and after time t of 
UV irradiation respectively. 

D% of PS-TiO2-PANI composites were found to be higher compared 
to PS-TiO2 and PS. D% was maximum in PS-(TiO2-10% PANI) (Fig. 7) 
among the PS-TiO2-PANI composites. 

SEM image of PS + 3% PANI composite showed some aggregations of 
PANI over PS matrix (Fig. 8a). Dispersion of TiO2 in PS matrix was 
uniform without many aggregations in PS + 3% TiO2 composite 
(Fig. 8b). Dispersion of TiO2 + 30% PANI within PS matrix was found to 
be more uniform compared to that of PANI over the PS matrix (Fig. 8c). 
All the PS-composites showed increased surface roughness after 1000 h 
of UV irradiation due to surface degradation. Fig. 8d shows PS + 3% 
(TiO2 + 10% PANI) composite with increased surface roughness after 
1000 h of UV exposure. 

Thermogravimetric analysis (TGA) conducted in nitrogen atmo
sphere for all the PS composites showed two stages of weight loss curves 
attributing to the desorption of water molecules and decomposition of 

the composites (Fig. 9). Decomposition temperature of PS observed at 
around 252 ◦C increased to 272 ◦C for PS + 3% TiO2 composite and 
further to 290 ◦C for PS + 3%(TiO2 + 10% PANI). Enhanced thermal 
stability PS, on TiO2 and TiO2 + PANI loading is evident here. Decom
position temperatures of UV irradiated PS and PS-composites decreased 
appreciably after UV irradiation. This implies that UV irradiation has 
affected the polymer chain adversely leading to its depletion. Reduced 
thermal stability of the composites due to photodegradation in the 
presence of UV radiation could be concluded. 

Flexural and tensile properties of PS were improved on TiO2 and 
TiO2-PANI loading. Fig. 10 A1& A2 represents flexural and tensile 
strengths of pristine PS, PS + 3%TiO2 PS + 3% PANI and PS-TiO2-PANI 
composites. Mechanical strength of PS-PANI composite was lower than 
that of PS-TiO2 probably due to the aggregations of PANI which pre
vented uniform dispersion along the PS matrix (as evident from SEM 
image- Fig. 8 above), forming defective voids. PS-TiO2-PANI composites 
exhibited superior mechanical properties compared to PS-TiO2. 
Maximum tensile and flexural strengths were observed in PS-(TiO2-10% 
PANI) composite. Higher percentage of PANI in the composites, how
ever, decreased their mechanical strength. Flexural (Fig. 10 B1) and 
tensile (Fig. 10 B2) strength of all the PS composites decreased on UV 
irradiation. Deterioration of the polymer chain caused by photo
degradation, decreased the mechanical strength of polymer composites, 
under UV radiation. It was also clear from Fig. 10 B1 & B2 that PS+
(TiO2 + 10% PANI) composite underwent maximum decrease in tensile 
and flexural strengths upon UV irradiation. 

Breakdown voltage (BDV) of PS-TiO2-PANI composites (Fig. 11 A) 
measured in alternating current frequency 50 Hz, were found to be 
lower compared to that of PS and PS-TiO2 composite. Decrease in the 
value of BDV observed in these composites could be due to the con
ducting nature of PANI. The value of BDV decreased as the percentage of 
PANI in the composites increased. BDV measured for PS and PS-3%TiO2 
composites were 25.17 KV/mm and 30.03 KV/mm respectively. The 

Fig. 8. SEM image of PS + 3% PANI (a), PS + 3%TiO2 (b) and PS + 3%(TiO2 + 10% PANI)(c) before UV irradiation and PS + 3%(TiO2 + 10% PANI)(d) after UV 
irradiation of 1000 h. 
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values of BDV of PS-TiO2-PANI composites were 21.3 KV/mm for PS +
3%(TiO2 + 3% PANI, 18.78 KV/mm for PS + 3%(TiO2 + 10% PANI) and 
14.85 KV/mm for PS + 3%(TiO2 + 30% PANI). 

BDV values of all these composites further decreased as the time of 
UV irradiation increased. The decrease in BDV upon UV irradiation 
could be due to the formation of charge centres during photo
degradation of the composites. PS + 3%(TiO2 + 10% PANI) underwent 
better decrease in BDV values upon UV irradiation compared to the 
other composites under study. 

Capacitance of PS, PS-TiO2 and PS-TiO2-PANI composites was 
measured (within the frequency range 0 to 107 Hz). Dielectric permit
tivity (εr) of the composites was calculated from capacitance using the 
following expression (equ. 7). 

C = εrε0

(
A
t

)

(7) 

Where, ‘C’ is the Capacitance; ‘εr’ is the dielectric permittivity of 
polymer specimens; ‘ε0’ is the dielectric permittivity of free space (ε0=

8.854 × 10− 12F/m); ‘A’ and ‘t’ represents the area and thickness of the 
polymer specimens. 

εr of the composites increased as the percentage of PANI in the 

composites increased (Fig. 11 B). εr of the composites further increased 
upon UV irradiation. This could be due to the formation of polarisable 
species in PS matrix as a consequence of photodegradation (Fig. 11 C). 

All the PS-composite specimens underwent a considerable weight 
loss as the time of UV irradiation increased. The observed weight loss 
could be due to the formation and evolution of volatile gases like CO, 
CO2, H2O, H2 etc during photodegradation. PS-TiO2-PANI composites 
underwent better weight loss on UV irradiation. The order of weight loss 
observed is as follows PS + 3%(TiO2 + 10% PANI) > PS + 3%(TiO2 +

30% PANI) > PS + 3%(TiO2 + 3% PANI) > PS + 3% TiO2 > PS + 3% 
PANI > PS. The order of weight loss observed was in accordance with 
the order of photodegradation observed in the previous results. 

4. Mechanism of photodegration of PS and PS-composites 

PS undergoes UV initiated photodegradation by transferring the 
triplet energy from their phenyl rings into the associated polymer chain 
backbones. Absorption of UV radiation causes an excitation of the 
phenyl rings of PS into singlet excited state (1Ph*) and then into triplet 
excited state (3Ph*) after inter system crossing (ISC). The triplet energy 
of phenyl ring is transferred into the polymer chain resulting in homo
lytic bond fission (-C-C-, C-H and/or Ph-C bond cleavage) and formation 
of macromolecular radical. Decrease in Mw andMn as well as increase in 
the chain scissions were evident from GPC analysis. The extent of 
degradation of PS entirely depends upon the propagation of the radicals 
from the UV exposed polymer surface into the inner matrix. The notable 
changes in mechanical strength, thermal stability and electrical prop
erties of the polymer specimens prove that the degradation has taken 
place throughout the matrix (and not limited to the polymer surface). 

The formation and increase in the intensities of IR stretching vibra
tions corresponding to the –OH/–OOH, >C = O, >C = C < and conju
gated carbon double bonds upon UV irradiation of PS specimens, 
confirm photo-oxidation. The characteristic IR absorption bands of 
phenyl rings were however not influenced by the UV radiation. We could 
conclude that the photo-oxidation has occurred only on the polymer 
chain backbone while the phenyl rings remained intact. The PS 
macromolecular radicals interact with the adsorbed atmospheric oxygen 
resulting in the formation of –OH, –OOH, >C = O groups covalently 
bonded to the polymer carbon chain. The formation of > C = C < and 
conjugated carbon double bonds in the polymer chain can also take 
place. The elimination of hydrogen radicals (H●) from the adjacent 
carbon results in the formation of π-bond between them. More such 
π-bonds formed between the carbon atoms may also result in conjugated 
double bonds. The formation of conjugated double bonds gave a slight 
yellow colouration to the composites. The red shift in the UV absorprion 
bands of the composites too supports conjugate double bond formation. 

Nano TiO2 loaded PS underwent better photodegradation compared 
to pristine PS under UV irradiation. UV radiation with energy exceeding 
the band gap energy of TiO2 causes excitation the electrons from its 
valence band (VB) to the conduction band (CB). The electrons in the CB 
interact with the oxygen molecules generating superoxide radicals 
(O2

●-). The holes left behind in the VB interact with the adsorbed water 
molecules generating hydroxyl radicals (OH●). These reactive species 
further interacts with PS inorder to accelerate the rate of 
photodegradation. 

The photocatalytic activity of nano TiO2 was appreciably enhanced 
when coupled with PANI. The enhancement in photocatalytic activity 
could be explained on the basis of high efficiency of charge separation 
accomplished by synergetic effect of TiO2 with PANI. The energies of the 
highest occupied molecular orbital (HOMO) of PANI lie between the VB 
and CB of TiO2. The holes left behind in the VB of TiO2 are transferred to 
the HOMO of PANI. Chance for recombination of the electrons with the 
holes is hence minimized[19,47–49]. The minimised recombination of 
photogenerated charges within TiO2 furnished by its association with 
PANI increased its photocatalytic efficiency for the degradation of PS 

Fig. 9. Thermogram of PS, PS + 3%TiO2 and PS + 3%(TiO2 + 10% PANI) 
before(a) and after (b) UV irradiation of 1000 h obtained through TGA. 
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under UV radiation. 

5. Conclusion 

TiO2-PANI composites were successfully developed using chemical 
oxidative polymerization. The crystal phase of nano TiO2 remained 
intact even after coupling with PANI. FTIR spectra of the composites 
revealed the existence of strong molecular interactions between PANI 
and nano TiO2. UV-DRS showed that the TiO2-PANI composites could 
absorb UV and visible region of spectra. Increased percentage of PANI 
coupling, decreased the optical band gap energy within the composites. 
The composites exhibited crystalline morphology and existed in nano 
dimensions, without much aggregation. Photodegradation of PS was 
appreciably accelerated upon TiO2-PANI loading, compared to PS-TiO2 
composite as well as pristine PS, under UV radiation. Better decrease in 
the average molecular masses reflecting faster chain scission, along with 
enhanced photo-oxidation, observed in PS-TiO2-PANI composites 
proved the ability of TiO2-PANI composites to act as better photo
catalysts compared to pristine TiO2 under UV radiation. Mechanical 
strength of PS improved considerably when loaded with TiO2 and TiO2- 
PANI. Among the PS-TiO2-PANI composites, maximum tensile and 
flexural strengths was observed in PS + 3%(TiO2 + 10% PANI). Further 
increase in the percentage of PANI, decreased the mechanical strengths 
of the composites. PS-TiO2-PANI composites also showed accelerated 
mechanical deterioration upon UV irradiation. Formation of charged 
centres or polarisable groups, within the PS composite matrix, was 
evident from the decrease in BDV as well as increase in dielectric 
permittivity of the UV exposed composites. TGA results established that 
the thermal stability of the PS-composites decreases, when exposed to 
UV radiation. Weight loss as well as increase in surface roughness was 

observed in the PS-composites as an outcome of photodegradation. PS +
3%(TiO2 + 10% PANI) underwent maximum photodegradation under 
UV radiation compared to the other PS-composites. Photocatalytic ac
tivity of PS-composite with 30% PANI was not as efficient as that with 
10% PANI. This trend could be due aggregation of excess PANI in 
composite with 30% PANI, that has an adverse impact in its photo
chemistry. Surface modification of nano TiO2 with PANI, improved its 
photocatalytic efficiency for the photodegradation of PS appreciably 
under UV radiation. The present investigation holds further scope for the 
study of photodegradation of PS using TiO2-PANI photocatalysts under 
visible radiation 
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