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Abstract

The interest is given on the preparation of nanocomposites of titanium dioxide
(TiO,) with conducting polymer polypyrrole (PPy) because the resulting com-
posites possess enhanced photocatalytic activity under visible light in comparison
with pure TiO, photocatalyst. In such composite, there is a synergistic activity of
the components. It is very important to optimize the synthesis conditions in order
to obtain PPy/TiO, composites with the optimal thickness of conductive polymer
layer on TiO, and minimal possible aggregation of particles. PPy/TiO, compos-
ites were characterized by Fourier transform infrared spectroscopy, X-ray powder
diffraction, UV-Vis spectroscopy, scanning electron microscopy and transmission
electron microscopy. The photocatalytic efficiency of the samples was determined
by following the decomposition of Reactive Red 45 dye under UV and visible light,
which was monitored by UV-Vis spectroscopy (as a change in absorbance of wave-
length at 542 nm). The results show enhanced photocatalytic efficiency of the sam-
ples under visible light.
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Introduction

Photocatalysis utilizing solar energy for water purification by degradation of
organic pollutants at lower cost and energy consumption remains a challenge
for industrial applications [1]. During the past decades, many researches have
been focused on developing novel photocatalyst with enhanced photocatalytic
efficiency like oxide-based semiconductors, in particular [2—4]. Despite many
good properties of TiO, (it is non-toxic, chemically and biologically stabile
and easily available catalyst), the greatest shortage of TiO, catalysts is its high
band gap (E,=3.2 eV) that limits its photoactivity in the visible light region. In
response to this disadvantage, much work has been done to improve its photoac-
tivity under sunlight, like doping or surface modification of TiO, by conductive
polymers [1, 5-9]. The main issue of current research is to consider the exten-
sion of the light absorption spectrum to the visible region, facilitating the use of
sunlight as an inexpensive energy for photocatalytic processes. The conducting
polymers seemed interesting materials with p-conjugated double bonds that have
been attracted much attention. Among them particular good conducting polymer
is polypyrrole (PPy) and its structure attracted considerable interests due to its
good environmental stability, facile synthesis, higher conductivity and promising
commercial applications. Conducting polymers with extending conjugated elec-
tron systems act as stable photosensitizers injecting electrons into the conduction
band of TiO, (due to their 7 conjugated electrons). Under irradiation, electrons
are injected from the conducting polymer and react with oxygen to form the oxi-
dizing O3 superoxide radical. Nanostructured conjugated polymers are appearing
as new energy materials for various applications in fuel cells and solar cells, but
photocatalytic activity studies of conducting polymers are still scarce. Their main
advantages are low-cost, facile synthesis, excellent electrochemical and electrical
activity and high carrier mobility. Although the process of chemical synthesis is
simple, the key role is to create suitable structure—properties relationship with
functional properties. It includes versatility in terms of monomer functionality
and reaction conditions while the main disadvantage is the lack of control over
the structure and molecular weight of the polymer product [10]. For example,
chemical oxidative polymerization of pyrrole is a suitable technique to obtain
highly electrically conducting polypyrrole (PPy) in a powdery form but does not
reach the desired conductivity values shown by high-quality electrochemically
prepared PPy thin films [2, 3]. The stability and the electrical conductivity of
PPy synthesized by chemical oxidative polymerization of pyrrole depend strongly
upon the reaction conditions. There are many typical parameters such as tem-
perature, type of the oxidant, solvent, concentration, reactant stoichiometry and
reaction time that are important. The in situ synthesis of PPy with TiO, presence
additionally reflects on the structure—properties relationship due to the interac-
tion of conducting polymer and semiconductor.

In this work we demonstrate the photocatalytic activity of composites con-
sisted of conjugated polymer polypyrrole prepared by chemical oxidative syn-
thesis in the presence of the TiO,. It was necessary to achieve the appropriate
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structure of PPy conductive polymer that can activate TiO, under VIS light and
establish the synergistic effect. Finally, this composite represents very efficient
composite photocatalyst for the degradation of Reactive Red 45 (RR45) azo dye
under ultraviolet irradiation and under visible light. Furthermore, we show that
these photocatalysts are very stable even after repeated photocatalysis cycle.

Experimental
Materials

Titanium dioxide (TiO,, P-25, Degussa) Evonik, > 99.5%, nanopowder, 21 nm parti-
cle size, pyrrole monomer (Py, 99%, Acros organics), ferric chloride (FeCl;, Sigma-
Aldrich) and sodium chloride (NaCl, Merck KGaA) were used. Commercial organic
dye C.I. Reactive Red 45 dye (RR45) Ciba-Geigy, Basel, was used. All the reagents
were analytical grade and used as received, without further purification. Milli-Q
deionized water (conductivity <1 pS cm™') was used for the preparation of the dye
solution.

Synthesis of PPy/TiO, composite photocatalysts

Titanium dioxide/polypyrrole (PPy/TiO,) composites were synthesized by the
chemical polymerization from pyrrole monomer in the presence of TiO, nanoparti-
cles and ferric chloride (FeCl;) as an oxidant. First, a solution of pyrrole monomer
was prepared in a 0.5 M sodium chloride solution where monomer and oxidant con-
centrations were kept at ratio of 1:1, and a ratio of polypyrrole: titanium dioxide was
1:100. The polymerization conditions were: a temperature of 5 °C maintained by
adding ice to an aqueous bath and time of synthesis was 90, 180, and 270 min with a
continuous mixing on a magnetic stirrer (250 rpm).

Techniques

FTIR spectra were obtained using PerkinElmer Spectrum One FTIR spectrometer
with the range of 4000-650 cm™! using ATR technique.

Diffuse reflectance UV—Vis-NIR spectra were obtained at 20 °C using a Shi-
madzu UV-Vis-NIR spectrometer (model UV-3600) equipped with an integrated
sphere. Barium sulfate was used as reference.

X-ray powder diffractometer APD 2000 (CuKa radiation, graphite monochroma-
tor, Nal-TT detector) manufactured by Ital Structures (G.N.R. s.r.l., Novara, Italy)
was used. Potassium bromide (Sigma-Aldrich, 99% trace metals basis) was used as
an internal standard. The Rietveld refinements of X-ray powder diffraction (XRD)
data were performed using the MAUD program [11].

Scanning electron microscopy (SEM) images (magnifications 2000X) were
obtained using a scanning electron microscope TESCAN VEGA 3 SEM at 10 kV.
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Before recording samples were applied to the adhesive tape on the sample holder
and then their surfaces were coated with a very thin layer of gold.

A JEOL thermal field emission scanning electron microscope (FESEM, model
JSM-7000F) was used for the observation of particle morphology at higher mag-
nifications. The FESEM was connected to the Oxford Instruments EDS/INCA 350
energy-dispersive X-ray analyzer for elemental analysis. The specimens were not
coated with an electrically conductive surface layer.

Transmission electron microscopy (TEM) images were obtained by transmission
electron microscope (FEI Philips C12, 120 kV). The samples were prepared by cut-
ting by diamant knife on Leica EM UC6 microtome. Camera TEM CCD Gatan 791
Bioscan was used for scanning.

Thermogravimetric analysis (TGA) of samples was performed using TA Instru-
ments Q500 analyzer. The results were obtained in a temperature range from 25 to
800 °C at a heating rate of 10 °C min~! under nitrogen atmosphere.

Photocatalysis

The experiments were performed with the waste water containing 30 mg dm™ of
Reactive Red 45 azo dye with 1 g dm™ of synthesized PPy/TiO, composite photo-
catalyst and pure TiO, for the comparison. The reactions were run with 100 cm® of
waste water suspension while the pH value was varied from 4, 6.6, to 11. At given
irradiation time intervals, aliquot of about 3 cm® was sampled, filtered through a
0.45 pm membrane filter to remove the remaining particles. The filtrates were ana-
lyzed by recording the absorption of RR45 dye at a wavelength of 542 nm using
UV-Vis spectrophotometer, PerkinElmer Lambda EZ 201 spectrophotometer. The
irradiation source was Pen-Ray UVP lamp (UVA region: 315-400 nm), and for solar
irradiation the source was solar simulator Oriel Newport (Osram XBO 450 W lamp).

In all experiments, the reaction system was stirred in the dark for 30 min to
achieve adsorption/desorption equilibrium before irradiation. The photodegradation
efficiency was estimated by determination of the concentration (C) of dye after a
certain irradiation time where C, was used as initial value before irradiation; C, is
a value of dye concentration after certain period of irradiation. The extent of RR45
dye mineralization during the photocatalysis was determined on the basis of total
organic carbon (TOC) content; measurements were taken using TOC analyzer,
TOC-VCPN 5000 A, Shimadzu.

Results and discussion

FTIR spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectroscopy was used to char-
acterize PPy/TiO, composites obtained by in situ synthesis of PPy and the time

of polymerization was varied (90, 180 and 270 min), Fig. 1. Spectra reveal char-
acteristic vibration bands for both PPy and TiO,, which are consistent with the
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Fig.1 FTIR spectra of TiO, and synthesized PPy/TiO, composites

literature [12, 13]. The broad band at about 3400 cm™' is assigned to stretch-
ing vibrations of hydroxyl group (—OH) and the band at about 1620 cm™! cor-
responds to deformative vibration of Ti—OH (the adsorbed water on the TiO,
surface). The absorption bands that appear in the low-frequency region of spec-
tra located in the range 450-850 cm™' characteristic of a Ti-O-Ti symmetric
stretching vibration mode and of Ti—O vibration are partially detected due to
restriction of the instrument scanning region. The FTIR spectra of PPy/TiO,
composites indicates also characteristic PPy bond vibrations at 1526 cm™! char-
acteristic vibration of C=C and C=N bonds in the polypyrrole ring and peak of
the low intensity at 1440 cm™! corresponds to =C—CH and —CH in-plane defor-
mation and 930 cm™' out-of-plane deformation. The absorbance at 1043 cm™!
corresponds to the C—N in-plane and at 1290 and 1170 cm™' corresponds to
out-of-plane deformations. At 3220 cm™' the vibrations of the N-H bonds are
observed, while the doping state of PPy is characterized by absorption peaks
at approximately 2100, 1170 and 930 cm™' [14]. Also, the appearance of peaks
in the wavelength range from 2000 to 2500 cm™! corresponds to the N-C=0
bonds [15] due to Ti-O-C=N and Ti—-O=C-N structures as results of PPy and
TiO, interactions. The interaction between TiO, and PPy vibrations bands are
explained through bordering and shifting of peaks to higher wave number like
peaks at 3220, 1526, 1440 and 1290 cm™!, indicating the strong interaction on
the interface [16].
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X-ray powder diffraction

X-ray powder diffraction was used to analyze TiO, and PPy/TiO, composites.
To reveal a phase structure of TiO, sample, Rietveld refinement was carried out
(Fig. 2). The results show that the mass ratio of anatase in the sample is 87.6%,
while the mass ratio of rutile is 12.4%.

The average size of the crystallites in TiO, sample is about 24 nm, and it is
calculated from the width of the anatase diffraction line 101 using Scherrer equa-
tion [17].

KA
T =
pcos®

XRD analysis of PPy/TiO, composites reveals the existence of TiO, crystal
phases of anatase (A) and rutile (R) in all samples (Fig. 3). It can be noticed that
the modification of TiO, by PPy does not change the crystallization of the neat
TiO,.

XRD analysis also shows the presence of the halite (H), i.e., sodium chloride.
Its presence is explained due to its use in a preparation of FeCl; solution.
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Fig.2 XRD difractogram of pure TiO, (P25)
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TG analysis

Thermal decomposition of the PPy/TiO, composites was investigated by TGA in
the nitrogen atmosphere to indicate the possible differences in PPy structure of
the in situ synthesized composites (Fig. 4). The TG curves in Fig. 4a suggest that
the mass loss of PPy polymer occurred in temperature range from 120 to 680 °C.
Further, it can be also seen that char residue is decreasing with increase in the
PPy concentration since PPy content was totally burned out during the heating
process indicating mainly TiO, presence. More detailed inspection of dTG curves
in Fig. 4b indicates that decomposition processes occurred in four steps. For the
sample PPy/TiO, 270, the initial decrease in mass by 3 mass% up to 120 °C is due
to the moisture loss. The next two steps are identified at about 250 and 380 °C
indicating the degradation of low molecular weight polymer and oligomers, mass
loss of 10%. The degradation of PPy of higher molecular weight occurred at
about 680 °C (loss of about 10 mass%). and it is attributed to enhanced crystal-
linity and cross-linking of the polymer chains. Defects in the PPy structure and
cross-linking of the polymer chains caused a creation of one plus charge per 3—4
pyrrole rings, which is counter balanced by the building of an oxidant anion into
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Fig.4 a TG and b dTG curves of synthesized PPy/TiO, composites

the PPy structure [18-20]. For the samples PPy/TiO, 90 and 180 very similar
decomposition process is observed, but the presence of PPy polymer is in sig-
nificant lower concentration (about 5 mass% as seen from char residue). Further
on, TiO, nanoparticles can have “active” sites of different catalytic ability that
can induce and initiate the thermal decomposition of PPy. However, the effect
of different TiO, active sites can be neglected as it is assumed that impact on the
degradation rate mainly has the concentration and chemical structure of PPy on
TiO, surface. So, Fig. 4b shows that PPy/TiO, 270 presented the highest degrada-
tion rate of 0.48% min~! while the other two composites exhibit significant low
degradation rate of the 0.07% min~"'.

UV-Vis spectroscopy

In Fig. 5a UV-Vis absorbance spectra of pure TiO, and PPy/TiO, composites are
presented to compare and establish their photocatalytic activity in the visible light
region. These spectra showed one strong band at 250 nm regarding the TiO, absorp-
tion and two broad bands, centered approximately at 480 and 750 nm regarding PPy,
Fig. 5b). The bands at 480 and 750 nm are assigned to doped PPy due to polaron and
bipolaron band transitions [21, 22]. Thereafter in the range from 400 till 550 nm, the
absorption peak indicates the polaron transitions, which is ascribed to the transition
from the valence band to the antibonding polaron state. Instead of peak at 750 nm in
spectrum continuous absorption is noticed indicating the formation of polaron, bipo-
laron transitions for polypyrrole and can be called free carrier band [23]. This has
been assigned to —-NH- species that are aggregated during doping and are responsi-
ble for the interactions of TiO, and polymer. The spectra reveal that the absorption
in the visible light region is much higher for the composites PPy/TiO, than for the
pure TiO,. The interaction between the doped PPy and particular N-Ti*" was the
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Fig.5 UV-Vis spectra of TiO, and synthesized PPy/TiO, composites

key to the extension of the active spectrum under visible light irradiation. It can be
noticed that the absorption in the visible region increases with the prolonged polym-
erization time due to the highest concentration of PPy on the surface of TiO, as indi-
cated by TG analysis. This results shows that PPy modification of TiO, enables the
shift of TiO, photograph response into the visible light region. Generally, conduct-
ing polymers have a broad UV-Vis adsorption band, due to the wide distribution of
conjugated chain length of conducting polymers.

SEM and TEM analysis

The morphology study of PPy/TiO, composites has also been carried out by SEM
and TEM, presented in Figs. 6 and 7. The observations of morphology based on
SEM clearly revealed aggregates with a diameter of around 10 pm for PPy/TiO,
90 and around 20 pm for PPy/TiO, 180. SEM and TEM analysis of PPy/TiO, 270
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Fig.6 SEM micrographs of composites at magnification X2000: a PPy/TiO, 90, b PPy/TiO, 180 and ¢
PPy/TiO, 270 composites
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Fig.7 PPy/TiO, 270 composites, SEM micrographs: a magnification 10,000, b magnification 20,000,
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Fig. 8 EDS analysis of PPy/TiO, 270 composites

composite reveals the absence of aggregates showing more uniform morphology due
to the presence of the particles of nanometer dimensions (the size of the particles is
between 10 and 20 nm), Figs. 6 and 7. Thus, it can be concluded that concentra-
tion of PPy in composite strongly affected the morphology due to higher interaction
between PPy and TiO, as observed for PPy/TiO, 270. Furthermore, EDS analysis
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(Fig. 8) shows the presence of the titanium (40%), oxygen (31%) and carbon (21%)
in PPy/TiO, composite. In addition, there is a very small concentration of sodium
(0.6%) from sodium chloride and chlorine (6.93%), which originates from oxidant
ferric chloride indicating high degree of conductivity of PPy polymer.

Photocatalysis and effect of pH value of the solution

Photocatalytic activity of synthesized PPy/TiO, composites was examined in a pro-
cess of degradation of azo dye Reactive Red 45 (RR45) in a waste water. In order to
determine the optimal conditions for the photocatalysis the photocatalytic perfor-
mance with PPy/TiO, 90 composite photocatalyst under UVA light irradiation was
performed at different pH values. The results show significant difference in adsorp-
tion process that was carried out in the dark for 30 min to achieve adsorption—des-
orption equilibrium. Results indicate that at pH 4 (acid medium) the catalyst strongly
adsorbs RR45 dye (more than 80%). Such strong dye adsorption of some composite
photocatalysts is explained by chemical interaction of negative anionic dye (SO5")
(Fig. 9) with the positively charged TiO, and PPy backbone in acid media [24].

At the beginning of photocatalysis desorption takes place due too high concen-
tration of dye on the catalyst surface. When the media of photocatalysis is alkaline
(pH=11), catalytic process was completely inefficient, only 3.5% of RR45 dye was
degraded in 90 min. The results indicate opposite behavior from that in acid media.
The best photocatalytic activity of PPy/TiO, composite was obtained at pH 6.6
(almost neutral media) because the adsorption of the dye was very low (8%) and
the photocatalytic process was efficient due to dye degradation of 70% in 90 min,
Fig. 10a).

Furthermore, for these processes the kinetics was also considered and appar-
ent rate constant kapp of photodegradation of RR45 was determined using Lang-
muir—Hinshelwood model for the degradation of organic pollutant in waste water
with semiconducting oxide, In(Cy/C) =k, t, where k,,, is apparent rate constant,
C, and C, are concentration of dye after darkness adsorption of 30 min and con-
centration of dye at time 7 [25]. In Fig. 10b it is seen that the relationship between
the illumination time and degradation rate of RR45 dye under UVA light gives lin-
ear correlation and the plot of In(Cy/C,) versus time suggests a pseudo-first-order
reaction. The catalytic activity of composite photocatalyst in different media was

validated comparing the apparent rate constants (k,,,), presented in Table 1, and it is

SO3Na OH

©—N= N—NH—EN\II\II—NHQ

NaO 3S
N SOsNa
Cl

Fig. 9 Molecular structure of azo dye Reactive Red 45 (RR45)
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Fig.10 a Concentration ratio C/C, versus time of photocatalysis, b the kinetic curves of RR45 dye
degradation at different pH values with PPy/TiO, 90 catalyst under UVA irradiation (y =1 g dm™,
Y(RRras)=30 mg dm™)

Table 1 Apparent rate constants (k,,,) of RR45 dye degradation and linear regression coefficients from
plot of In(C,/C,) —t for tested samples under UVA irradiation

PPy/TiO, 90 min pH4 pH 6.6 pH 11
Kapp (min~") 0.0097 0.0108 0.0020
R? 0.9067 0.9996 0.9838

observed that k,,, has the highest value at pH 6.6 (0.0108 min~'). It was concluded
that pH value of 6.6 is the most suitable option, and this pH value is the most envi-
ronmentally friendly because it does not demand further neutralization of water at
the end of purification process. In this study all further photocatalytic experiments

were performed at pH 6.6.

Photocatalytic validation of PPy/TiO, composites

In Fig. 11a are presented the results for the photocatalytic process under UV light
irradiation, using photocatalysts PPy/TiO, synthesized for 90, 180 and 270 min.
From the results, it is apparent that the most effective composite catalyst during the
decomposition of Reactive Red 45 in waste water was PPy/TiO, 270 synthesized
for 270 min. It can be concluded that this composite catalyst has almost the same
efficiency as the pure TiO, according to the discoloration achieved after 60 min
(Table 2), which is 96% for TiO, and 98% for PPy/TiO, 270 catalyst.

It is well seen that TiO, exhibits higher rate of degradation in the first 45 min

and higher degradation rate of RR45 is confirmed by apparent constant rate (k)
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Fig. 11 Concentration ratio C/C,, during photocatalysis with different catalysts: a under UVA and b
under solar irradiation (y,, =1 g dm~, Y®ras)=30 mg dm™)

Table2 Comparison of

photocatalytic efficiency of used Catalyst CD(:lsc;ra—
catalysts under UVA and solar tion/%
irradiation after 60 min of the
photocatalysis Photocatalysis with UVA irradiation (¢=60 min)
TiO, 96
PPy/TiO, 90 43
PPy/TiO, 180 39
PPy/TiO, 270 98
Photocatalysis with solar irradiation (=60 min)
TiO, 56
PPy/TiO, 90 70
PPy/TiO, 180 86
PPy/TiO, 270 99

obtained by Langmuir—Hinshelwood model, Fig. 12a and Table 2. Such results are
expected due to UVA irradiation under which TiO, is one of the most effective cata-
lysts. The high photocatalytic efficiency of PPy/TiO, 270 catalyst compared to pure
TiO, can be explained by the fact that a very small fraction of polypyrrole on the
TiO, surface can prevent the aggregation of its nanoparticles. When the specific
surface area of the catalyst is increased, the more active space is available for the
contact with pollutants because the photodegradation takes place at the surface of
catalyst [26].

Furthermore, the photocatalysis process was also performed under the solar
irradiation for the same PPy/TiO, composite catalysts, Fig. 11b. From the results
it is seen that all composite photocatalysts exhibit higher discoloration than the
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Fig. 12 Kinetic curves of RR45 dye degradation a under UVA and b under solar irradiation versus time
of photocatalysis with different catalysts

pure TiO, indicating very good photosensitivity under Vis light irradiation due
to synergistic effect of PPy—TiO,. Especially high photocatalytic efficiency of the
PPy/TiO, 270 composite photocatalyst was observed because the complete dis-
coloration (99%) of waste water is achieved in only 60 min, Table 2. Another
two composites catalysts show also very good removal of RR45 from waste water
due to discoloration of 86 and 70% in 60 min. It can be concluded that prepared
composite photocatalysts are photosensitive as it was confirmed by the UV/Vis
spectrum (Fig. 5). This further indicates that the strong interactions between the
TiO, and polypyrrole are present on the interface, so then conjugated polypyrrole
structure and its conductivity can easily contribute to the injection of electron
into conductive band of the TiO, [27]. This is based on the theory that when PPy/
TiO2 composite is irradiated by sunlight, both TiO, and PPy absorb the photons
at their interface and then charge separation occurs. Since, when the adsorbed
energy is higher than the band gap, the electrons of PPy from the lowest unoc-
cupied molecular orbital level are injected to conductive band of TiO,. After such
activation, there occurs basic mechanism of photocatalytic degradation of organic
pollutant in waste water by TiO,. When TiO, nanoparticles are irradiated by UVA
light, they generate electron—hole pairs that react with water and yield hydroxyl
(OH) and superoxide radicals (O5") to oxidize the organic molecules of pollutant
[2,4].

Table 2 shows a comparison of photocatalyst efficiency results under UVA and
solar light irradiation after 60 min of photocatalysis are presented. TiO, cata-
lyst shows significantly higher photocatalitic efficiency under UVA irradiation
because 94.7% of the RR45 pollutant in the 45 min was degraded. At the same
time PPy/TiO, 90 and 180 photocatalysts removed less than 50% of dye. Under
the solar light, the TiO, efficiency is much lower, but the composites’ efficiency
increases. This is well seen from the decomposition rate of RR45 during solar
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Table 3 Apparent rate constants
(kypp) of RR45 dye degradation

and linear regression coefficients  {jyA irradiation
from plot of In(C,/C,) —t for

PPy/TiO, 90 PPy/TiO, 180 PPy/TiO,270 TiO,

tested catalysts under UVA and kﬂPP (min_l) 0.0108 0.0111 0.0628 0.0790

solar irradiation R? 0.9996 0.9486 0.9345 0.9474
Solar irradiation

Kapp (min~") 0.0207 0.0321 0.0783 0.0092

R? 0.9968 0.9981 0.9349 0.9725

photocatalysis since the apparent constant rate (k,,,) was determined and is pre-
sented in Table 3 and Fig. 12 and can be seen that PPy/TiO, 270 composite has
the highest rate. Furthermore, all k,,, of composite sample are higher under solar
irradiation.

The results indicate that by prolonged time of synthesis and a higher fraction
of polypyrrole of suitable molecular structure in the composite contribute to the
efficiency of the photocatalyst. This, however, does not mean that the further pro-
longation of synthesis time would increase the photocatalytic power of the com-
posite. An excessive amount of polypyrrole (thicker than the monomolecular
polypyrrole layer) on TiO, surface would actually reduce its photocatalytic activ-
ity because the “thick” layer of polypyrrole, with visible light, could no longer
be in such close contact with TiO,. In that case the transfer of electrons to the
TiO, conductive band would be difficult and its photocatalytic power would be
reduced. It is evident that photocatalytic activity significantly depends on PPy
conductive polymer presence in composite. The properties of conductive poly-
mer primarily depend on the oxidation of the polymer during the synthesis, on
monomer/oxidant ratio and the type of used oxidant as well as the temperature.
For example, the synergetic effect between TiO, and PPy conductive polymer in
nanocomposite strongly depends on charge mobility in polymer [20].

Total organic carbon

In Table 4 are given the results of the total organic carbon (TOC) determined
at the end of each photocatalytic process in comparison with the TOC value of
the pure RR45 dye before photocatalysis. It is apparent that TiO, and PPy/TiO,
270 composites are exceptionally efficient photocatalysts under UVA light irra-
diation because TOC values are significantly reduced after photocatalysis. It is
seen that 65.3 and 80.1% of RR45 dye was completely removed from the waste
water, respectively. Under the solar irradiation, the efficiency of all studied PPy/
TiO, composites was higher than under UVA light indicating synergistic effect of
PPy and TiO, since the pure TiO, shows low photocatalytic efficiency. From the
results, it is seen that the mineralization of RR45 azo dye is even higher under
solar irradiation when composites are used as photocatalysts. These results are
consistent with the results of photocatalytic activity where the most efficient
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Table 4 Comparison of TOC values and percentage of RR45 dye removal under UVA and solar irradia-
tion

TOC mg dm™> RR45 dye
mineraliza-
tion %

Reactive Red 45 (before photocatalysis) 9.16 0
Photocatalysis with UVA irradiation
TiO, 3.18 65.3
PPy/TiO, 90 7.43 18.9
PPy/TiO, 180 7.18 21.6
PPy/TiO, 270 1.82 80.1
Photocatalysis with solar irradiation
TiO, 6.63 27.6
PPy/TiO, 90 7.38 19.4
PPy/TiO, 180 6.10 334
PPy/TiO, 270 1.69 81.6

photocatalyst is proved to be PPy/TiO, 270 under the solar irradiation. TOC
denotes the mineralization of the dye, i.e., its decomposition on the CO, and H,0O
indicating the removal of the RR45 dye and its degradation products. PPy/TiO,
270 photocatalyst showed effective activity in decolorization process and in the
removal of total organic carbon under simulated solar radiation.

1,0 4,0
(@) —=—TiO2 (b) *TiO2
PPy/Ti02 90 B PPy/TiO2 90
08 1 —e— PPy/TiO2 180 PPy/TiO2 180
—e— PPy/Ti02 270 ® PPy/TiO2 270
0,6 —_
g J
L >
J i
04 - S
0,2
0,0 . 7 7 . !
30 0 30 60 90 120 150 0 15 30 45 60

time [min|] time [min]

Fig. 13 a concentration ratio C/C, versus time of photocatalysis, b the kinetic curves of RR45
dye degradation with different catalysts under UVA irradiation in the second photocatalysis cycle
Gea=1gdm™, Y(RRras)=30 mg dm™)
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Table 5 Apparent rate constants (k,,,) of RR45 dye degradation and linear regression coefficients from

plot of In(Cy/C,) —t for tested samples under UVA irradiation for the second photocatalysis cycle

PPy/TiO, 90 PPy/TiO, 180 PPy/TiO, 270 TiO,
kypp (min~1) 0.0073 0.0069 0.0289 0.0756
R 0.9515 0.9758 0.9352 0.9988

Table 6 Comparison of

. . Second cycle of photocatalysis with UVA irradiation
photocatalytic efficiency of

catalysts under UVA irradiation Catalysts Discoloration/%

after 60 and 90 min of the - -

photocatalysis (t=60 min) (=90 min)
TiO, 98 98
PPy/TiO, 90 38 60
PPy/TiO, 180 35 47
PPy/TiO, 270 80 83

Stability of photocatalyst

Photocatalytic activity of prepared composite photocatalysts was also investigated in
the second photocatalytic cycle under UVA light to examine their reuse and stability
during the catalytic process. After the first photocatalytic cycle, the photocatalysts
were not reactivated or additionally treated; they were only dried and reused. The
results are given in Fig. 13 and in Tables 5 and 6. It is apparent that photocatalyst’
efficiency slightly decreases after the second cycle, but their efficiency is satisfac-
tory, although photocatalysts required longer time to complete photocatalysis,

The decomposition rate of RR45 during photocatalysis was also determined and
is presented in Table 5. From the apparent constant rate (k,,,) it can be seen that the
decomposition in first 60 min is slowed down for the composite catalysts but not
for TiO,. For example, in the second cycle PPy/TiO, 270 removed 80% of dye in
60 min while in the first cycle it removed 98%. This is explained by saturation of the
catalyst surface during the second cycle and by aggregation of the catalyst particles
[26]. Due to a very good activity of PPy/TiO, composite photocatalysts under UVA
light during the second consecutive photocatalytic cycle, they are recognized as sta-
ble catalysts.

Conclusions

PPy TiO, photocatalysts were successfully prepared by PPy polymerization in the
presence of TiO,. It was found that prepared photocatalysts are very efficient both
under the UVA and solar irradiation due to the synergistic effect of PPy and TiO,
during photocatalysis, i.e., because of TiO, sensitization with PPy. The fraction of
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polypyrrole on the TiO, surface prevents the aggregation of TiO, nanoparticles and
enables efficient photocatalytic action of the composite system. It is shown that pH
value 6.6 was the optimal one for the successful process of Reactive Red 45 azo dye
photocatalytic degradation. Photocatalyst PPy TiO, 270 is the most efficient pho-
tocatalyst for this photocatalytic process due to its good absorbtion in the visible
light region. Used photocatalysts have particles of nanodimensions, what is also a
contribution to the successful photocatalysis because the specific surface area of the
catalyst is increased so the more active space is available for the contact with pollut-
ants. The results also show that TOC value is significantly decreased after the pho-
tocatalysis, which proves the efficiency of the process. Prepared composite samples
are recognized as stable catalysts after second consecutive photocatalytic cycle.

Finally, it can be concluded that TiO, modification with PPy can serve as a very
efficient method for the improvement of TiO, photocatalytic performance under vis-
ible light.
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