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In the present paper, polyaniline (PANI) has been successfully synthesized on the surface of TiO: na-
noparticles of different nature. The morphology, particle size, optical activity and photocatalytic perfor-
mance of the obtained materials were systematically studied by various analytical techniques. Ultraviolet-
visible (UV-Vis), EPR characterizations of PANI-TiOz nanocomposites confirmed interactions between the
polymer and TiOz nanoparticles. The EPR results show that nanocomposite sample m1, in which PANI re-
tains a more ordered structure, can be preferred for use as a photocatalyst. Photocatalytic properties of
PANI-TiO2 nanocomposites were examined by degradation of phenol with a concentration of 50 mg 1-1 un-
der UV light irradiation. The results showed that phenol degradation occurs maximally during the first
10 min for systems with P25 in comparison with anatase systems. The maximum value of Vis 4.50 %/min
for sample m1 (PANI-Ti0O2-P25). Due to the synergistic effect between PANI and TiOs, it is capable of ab-
sorbing visible light more efficiently and decreasing the process of electron-hole recombination. It was stat-
ed that the polyaniline film is a good sensitizer after UV irradiation. The excellent photocatalytic effect of
PANI-TiO: is attributed to the synergistic effect between PANI and TiO2 which promotes the migration
efficiency of the photogenerated carriers at the PANI-TiO: interface (EPR). Mathematical analysis illus-
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trates the rate of phenol degradation by the curves with fourth and sixth order polynomials.
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1. INTRODUCTION

Photocatalytic degradation is an efficient and eco-
nomical method that has attracted increasing attention
because it is particularly useful for cleaning biologically
toxic or non-degradable materials such as aromatics,
pesticides, petroleum constituents, and volatile organic
compounds in wastewater [1-3]. The contaminant ma-
terials are converted to a large extent into stable inor-
ganic compounds such as water, carbon dioxide, and
salts, i.e., they undergo mineralization [3]. In previous
publications, it has been shown that TiO2 is an excel-
lent photocatalyst due to high chemical stability and
photocatalytic activity [4-6]. But TiO2 has a wide band
gap (3.2 eV), which restricts its use to UV light, which
occupies only 3-5 % of solar energy utilization [5]. So, it
is important to modify the optical response of TiOz from
UV to a visible light range by shortening its band gap.
Recently, a conducting polymer has shown great poten-
tial as a photosensitizer under UV irradiation due to its
narrow band gap and m-r* transition, in which an elec-
tron can be excited from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) [7-8]. The study [9] was undertaken to
evaluate the degradation of phenol and p-cresol as re-
calcitrant aromatic compounds in abattoir wastewater
using TiO2/ZnO composite doped with polyaniline
(PANI). Detergents and residual blood were the main
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sources of organic matter in wastewater. The method
used to prepare the composite was in situ chemical oxi-
dative polymerization of aniline and was tested in a
ring reactor equipped with a 26W UV-C lamp. Xu et al.
found that the photocatalytic activity of the hierar-
chical rutile TiO2 nanorods spheres was about twice
that of the famous commercial photocatalyst P25 [10].
However, hierarchical rutile TiO2 nanorods spheres do
not use visible light. To get a material with high visible
light photocatalytic activity, a novel PANI-TiOz nano-
composite with bionic nanostructure was synthesized
by a facile hydrothermal method in the work. Although
TiO2 photocatalytic activity under Vis (> 400 nm) can
be increased by doping; and numerous groups utilize
metal ions, such as Fe, Au, Ag, V, Cr, Sn, C-S to hinder
the recombination process [11-14]. The recombination
process in TiO:z has also been suppressed by preparing
PANI/TiO2 composites, which is promising, though
poorly investigated approach. The advantage is that
PANI is a conductive, non-toxic, and thermally stable
polymer with a high absorption coefficient in the Vis
spectrum. The absorbance in the UV-Vis spectra is ob-
served to increase in the whole range of UV-Vis wave-
lengths with the increase in the concentration of TiO2
in PANI-TiOz2 nanocomposites.

Thus, it is important to create a composite photo-
generator based on TiO:z to control the distribution of
h* (generation) and subsequent use for the effective
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destruction of toxic compounds due to the high concen-
tration of oxide radicals. The aim of the present work is
to test the effects of TiO2 morphological properties of in
situ prepared TiO2/PANI samples with monomer con-
centration on the photocatalytic activity in the reaction
with phenol.

2. EXPERIMENTAL

Hydrochloride aniline (HAn) monomer (purity
98 %), ammonium persulfate (APS) as oxidizer (Merk),
TiOz anatase (Aldrich Sigma), P25 “Evonic” particles
20 nm in size, deionized water, hydrochloric acid, etha-
nol (Aldrich Sigma) were used as received without puri-
fication. PANI/TiO2 composites were formed by in situ
polymerization method. First, nanoparticles of TiO:2
were modified by water solution of HAn, using homog-
enizer ULAB2200 (Germany) at a speed of 300 min !
for 1 h. Then, the APS solution was added dropwise at
0 °C. Polymerization on the surface of oxide nanoparti-
cles was carried out at a pH of 2-4. The in-situ polymer-
ization process resulted in a dark green product. After
that, the obtained nanocomposites were washed with
deionized water, acetone, ethanol, respectively. Then,
PANI/TiO2 nanocomposites were dried at 50 °C for
24 h. PANI was synthesized according to technique in
[7] using oxidative radical polymerization at 0 °C. The
samples were characterized by TEM (JEOL JEM-
1400), UV-Vis absorption spectra “Cary” 300 Scan, UV-
Vis-NIR spectrophotometer, Australia. EPR spectra of
TiO2, PANI, PANI-TiO2 were recorded on an X-band
spectrometer Bruker Elexsys E580 at a temperature of
298 K, the conditions for recording spectra were as fol-
lows: frequency 9.38 GHz, microwave power 2 mW,
modulation intensity from 0.1 to 1 G at modulation
frequency 100 kHz, scanning width 100 G, resolution
1024 points. A sample of diphenylpicrylhydrazyl
(g = 2.0036) was used for the spectrometer calibration.

The photocatalytic activity of PANI-TiO2 were eval-
uated in the degradation of model phenol compound. A
300 W Xe lamp was used as a light source. The photo-
catalytic degradation of phenol was measured at ambi-
ent pressure and room temperature in a photoreactor
set up. An aqueous solution of phenol with an initial
concentration Co of 50 mg 1-! was mixed with prepared
nanocomposite powder. Before irradiation, the suspen-
sion was left in dark for 30 min to achieve adsorption-
desorption equilibrium between the photocatalyst and
phenol. The photocatalytic reaction was then started by
irradiating the suspension with a lamp. Air was sup-
plied to the suspension during adsorption-desorption
and irradiation of light. Then, 0.5 ml of the phenol sus-
pension was withdrawn at regular time intervals and
centrifuged at a speed of 10 rpm. The concentration of
remaining phenol was analyzed using a UV-visible
spectrometer, and the percentage of degradation was
calculated.

The degradation rate of phenol V (%/min) was calcu-
lated using the equation:

_C,-C1

\% 2100%,

0

where Co is the initial concentration of phenol.

JJ. NANO- ELECTRON. PHYS. 13, 05034 (2021)

Interpolation polynomials Pn(t) for experimental
concentrations C(tx)/Co, k=0,1,...,n, will be con-
structed in the fourth section in Newtonian form for
n=4and # =0, 10, 20, 30, 40 min of UV action (and for
n =6 in the final case) and corresponding curves there
will be shown.

3. RESULTS AND DISCUSSION

Earlier results showed that with increasing concen-
tration of the oxidizer to the monomer in the polymer
medium, the yield and doping degree decrease, and the
residual monomer content increases. This may be due
to peroxidation of the polymer due to the formation of
aniline oligomers in the synthesis of the polymer,
which can wet the surface, breaking the chain of conju-
gation. In the acid environment of the polymer, the
yield is greater than 80 %. SEM showed that PANI
powder at a ratio Ox/An = 1.25 has a developed surface
structure and consists of nanoparticles with an average
pore size of 10-14 nm in comparison with a sample with
Ox/An = 1.0, 3.0. Thus, we concluded that the ratio
Ox/An = 1.25 was optimal for the synthesis and charac-
teristics of PANI [7]. So, this ratio was used to synthe-
size PANI composites with a different nature of TiOx.
Conditions, component concentrations and parameters
of the polymerization process are presented in Table 1.

Table 1 — Composition of the reaction mixture and parame-
ters of the polymerization process

Ne | Sample Quantity pH ¢, min
monomer, g (green color)

1 TiOg — — -

2 P25 — — -

3 k1l 0.025 2.45 20

4 ml 0.025 3.20 30

Notice: k1 — polyaniline with TiOz (Aldrich), m1 — polyaniline
with TiO2P25 (Evonic)

We assume that the surface of nanosized TiO: in-
fluences the decomposition of the oxidizing agent. In
this case, free radicals are formed on the surface of
TiO2 nanoparticles. The monomer is adsorbed on the
surface of nanoparticles, forming groups of activated
molecules at a very low polymerization temperature.
Also, there are protons of hydroxyl groups on the sur-
face of TiO2 because the polymerization is carried out
in an acidic medium.

For anatase, intense absorption bands are in the
short-wavelength UV region (Fig. 2). For a pure con-
ductive polymer, there are two intense bands in the
visible region of 550-600 nm (the polymer has conju-
gated bonds). The absorption band at 402-420 nm is
due to polaron-m* transition in PANI [7].

When adding a polymer of lower concentration, the
absorption band was wider compared to pure TiO2 and
polymer. We see the physicochemical interaction be-
tween TiO2 and polymer. Anatase TiOz can absorb light
with wavelengths below 400 nm. Pure PANI presents
characteristic bands at 350-415 and 550-600 nm, which
are attributed to the m-m* transition of the benzenoid
ring and m-polaron exaction transition of the quinonoid
ring, respectively. So, doped PANI also has high ab-
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sorption in the visible-light region. For the composite
sample k1, we observed three absorption bands at 250-
300 nm, 350-500 nm and 550-750 nm in comparison
with the spectra of [7]. There may be a strong m-mr*
transition of the benzenoid ring and an interaction be-
tween TiO:z and doped PANI. This is possible because of
charge carrier delocalization due to the conformation of
the extended PANI chain. PANI-TiO2 nanocomposites
produce more electron-hole pairs under light illumina-
tion, and this is expected to increase the photocatalytic
activity.

— )./

Fig. 1 - TEM images of polymer/TiO: (a) anatase, (b) k1, (c)
P25, (d) m1. Scale 50 nm

Abs

PANI/TiOZ

250 300 350 400 450 500 550 600

Wavelength, nm
Fig. 2 — UV-Vis spectra of TiOz, PANI, and k1 samples

Investigations of the initial samples of titanium di-
oxide nanopowders by EPR spectroscopy showed the
presence of relatively weak signals in the range of g-
factor values of 1.99-2.00 (Fig. 3). Some authors assign
such signals to lattice electron trapping states or to
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1 - k1{Aldrich), AH=39 G
2-m1(P25),AH=27G
3 - initial PANL, AH=26 G
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Fig. 3 — EPR spectra of TiOz, PANI/TiOz and PANI samples

surface hole trapping states [20]. In [21], the EPR spec-
tra of TiOz_,-T anatase nanoparticles show similar
lines with a g value of 1.99, which the authors attribute
to Ti3* ions in anatase, assuming that free electrons
occupy the internal Ti position which leads to the for-
mation of Ti3* defects. The experimental data show
that the concentration of paramagnetic centers is sig-
nificantly higher for anatase nanoparticles; in this
case, the absence of a resolved structure of the spectra
for both samples, as well as relatively wide lines, may
indicate the formation of PMC nanoclusters. It can also
be assumed that there are two types of centers in the
case of anatase nanoparticles. Studies at a temperature
of liquid nitrogen (77 K) did not reveal any significant
concentration of trivalent titanium ions (g = 1.94-1.95).
The EPR spectra of both the initial PANI and two com-
posites (Fig. 3) show strong singlet lines with a shape
close to Lorentzian, and the g factor values were typical
for doped PANI (2.0027-2.0028), corresponding to delo-
calized conducting electrons. Since signals of the initial
samples of nanoparticles were 2-3 orders of magnitude
weaker, they did not produce a serious observable con-
tribution to the resulting spectra of the composites.

For all three investigated samples (initial PANI and
two composites), EPR spectral lines were practically
symmetrical and did not show asymmetry typical for
Dysonian lines. An analysis of the line widths shows
that for the P25-based composite, broadening is practi-
cally absent in comparison with the initial PANI, while
for the anatase-based composite it is quite significant.
Some authors proposed a model of two-component spec-
tra with close values of g and different linewidths for
such binary systems [22, 23]. A narrow one may belong
to ordered (isolated) regions of PANI chains (quasi-one-
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dimensional morphology) with paramagnetic species
with relatively fast motions, such spin diffusion con-
tributes to the motional averaging effect. A broader line
can be produced by polarons involved in homogenous
disordered media (1D or 3D) or inhomogeneous disor-
der. Thus, the difference in the width and intensity of
spectral lines for the spectra of composites recorded at
room temperature (295 K) with different TiO2 can be
determined both by the nature of TiO2 and, on the oth-
er hand, by the surface morphology and size of TiO2
nanoparticles. Such factors can affect the interaction of
charge carriers with lattice optical phonons of PANI
chains, and also the dipole-dipole interactions between
spins, leading to a change in the exchange of the EPR
line. The authors of [7, 15] explained the response-
enhancing phenomenon of EPR signal increase in the
case of TiO2/PANI composites by efficient charge sepa-
ration, which also influences the photocatalytic activi-
ty. Synthesized PANI/anatase and PANI/P25 with
monomer content were exposed to UV. The results of
UV irradiation showed that faster phenol degradation
occurs during the first 10 min maximum in comparison
with anatase systems (Table 2). The results presented
confirmed it. The peak of phenol at 270-275 nm practi-
cally disappeared at a short contact time (Fig. 4).

Table 2 — The degradation rate of phenol (V, %/min) during
UV action using samples

Sample t, min C, mg/l V, %/min
10 39.0 2.20
anatase 20 33.0 1.70
30 23.0 1.35
10 34.0 3.20
P25 20 26.0 2.40
30 17.5 2.10
10 33.0 3.40
k1 20 29.5 2.05
30 24.0 1.73
10 27.5 4.50
ml 20 12.5 3.75
30 10.0 2.67

Note: C is the concentration of phenol after contact with the
sample at different UV exposure times, taken from in Fig. 5

As for titanium dioxide, there may also be a poten-
tial barrier in the grain region. According to the au-
thors, this is due to chemisorbed negative oxygen ions
on the surface of TiO2 grains. Electrons need to over-
come the barrier in the grain region. The width and
height of the barrier depend on the shape and size of
the grain, number of boundaries, particle size, etc.
Thus, doping TiO2 with PANI allows strong electrostat-
ic interaction with a decreasing potential barrier. The
authors of [16-19] note that when PANI-TiO2 compo-
sites are illuminated with UV light, both TiO2 and
PANI absorb photons to generate electron-hole pairs.
The relative energy levels of PANI (HOMO, p-orbital
and LUMO, r*-orbital) and TiO2 (conduction band, CB,
and valence band, VB), create a synergistic effect. Pho-
togenerated holes in the TiO2 VB can directly transfer
to the HOMO of PANI. Simultaneously, photogenerat-
ed electrons can transfer to the TiO2 CB, which results
in charge separation and stabilization, thus hindering
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Fig. 4- UV-Vis spectra of phenol destruction using systems:
k1 (a) and m1 (b)
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Fig. 5— Kinetics of photocatalytic degradation of phenol on the
samples

the recombination process. As a result, electron-hole
pairs are separated effectively, and the photocatalytic
ability is improved remarkably. When PANI-TiO2 com-
posites are illuminated with visible light, PANI absorbs
photons to induce m—mr* transition, transferring excited-
state electrons to the m*-orbital. Based on the synergis-
tic effect, excited-state electrons can be readily injected
into TiOz CB. Simultaneously, a positively charged hole
can be formed due to the migration of an electron from
the TiOz VB to the m-orbital of PANI. Subsequently,
excited-state electrons and holes can transfer to the
surface to react with water and oxygen to yield hydrox-
yl and superoxide radicals, which will oxidize the or-
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ganic pollutant (phenol). As a result, rapid charge sep-
aration and slow charge recombination occur, resulting
in higher photocatalytic activity of TiOz2 composites.

A mathematical analysis of the results of Table 2
and Fig. 5 was performed. The data were processed by
interpolation methods. Newton fourth and sixth order
polynomials Pn(t) = C/Co (n=4,6) were used in the
same way as in the study of the rheology of nanocom-
posite suspensions in [24, 25]. The curves were plotted
at 5 and 7 points, lines 1 and 2 correspond to the cases
of anatase and P25, lines 3, 4 — to the cases of k1 com-
posite with anatase and m1 composite with P25 nano-
particles, respectively (Fig. 6).

O r L] L) L] L] L] L] L] L]

0 10 20 30 40
t, min

Fig. 6- Interpolation curves to samples: 1 — anatase, 2 — P25,
3-kl,4-ml

The obtained results allow to draw the following
conclusion. The combination of PANI nanoparticles
with TiO2 P25 will create an excited state of electron
(e) and hole (h*) pairs, which can react with Oz and
water vapor in the atmosphere to produce superoxide
ions (O27) and hydroxyl radicals (OH*) under irradia-
tion. Both Oz~ and OH* are extremely powerful agents
in the destruction of toxic chemical compounds (dyes,
phenol) to form CO2 and water. This makes it possible
to increase the performance of the photocatalyst and
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OnTuuyna i poroxkaraniTnuna akrusHicts HanHokommo3utis ITAH/TiO:2
3 HaHOYAaCTUHKaMu aHarasa i P25

M.M. Baropuwnitl, H.I. Tumenko!, A.B. Paryiat, O.M. Jlappurenro!, A.M. Kacymos!,
A K. Meapuuk?, O.B. Kyabsma3, A.l. €prymenko!

1 ITncmumym npobnem mamepianosuascmea HAHY imeni I.M. @parnuesuua, syn. Kpacuscarnoscoroeo, 3,
03142 Kuis, Yxpaina
2 Tnemumym copbuii ma npobnem endoeronozii, 8yn. Ienepana Haymosa, 13, 03164 Kuis, Vikpaina
3 Hauiornanvruti mexniunull yHigepcumem Yrpainu «Kuigcokuil nonimexniurHuil incmumym
imeni Izopa Curopcvrozon, npocn. Ilepemocu 37, 03056 Kuis, Yrkpaina

V¥ po6oti momianingin (ITAH) cuaresoBaumit Ha moBepxui HanouyacTHHOK Ti0:2 pizHoi mpupomu. Mopdosto-
Tif0, po3Mip YACTHUHOK, OITHYHY aKTHBHICTH TAa (DOTOKATAJNTHYHI XapAKTEePUCTHKU OTPUMAHUX MaTepialliB
CHCTEeMATUYHO BUBYAJIN PI3HUMHU aHATITUYHAMA MeTomaMu. Y abrpadioserosa i suaguma, EIIP cmexTpocko-
mi zHadokommnosutiB [TAH-TiO: migrBepawian ¢izuyHy B3a€MOMI0 MiK MOJIMEPOM Ta HAHOYACTUHKAMU
TiOsz. Pesynvratu EIIP mokasyiors, 1m0 HaHokoModutHuit 3pa3ok ml, y sixkomy ITAH 36epirae 6imbimn ymo-
PAOKOBAHY CTPYKTYPY, MOKe IIOKPAIIUTH (POTOKATATIITUYHY aKTUBHICTE. DoTOKATAITHYHI BJIACTHBOCTI HA-
roxommosutie [TAH-TiO: mocmimryBanmu muisixom gectpykiii deroxy (50 mrui-1) mig YO ompomiHeHHSIM.
PesynbraTu mokasasu, 1o JecTpyKIna deHoJIy Bim0yBaeThesa MakCUMaJIbHO mepim 10 xB a1 cucrem 3 P25 y
MOPIBHAHHI 3 CHCTeMaMH aHaTady. BCTaHOBJIEHO, IO MaKCHMMAJIbHA IIBUAKICTH IecTpykIii V denoxy
4.2 %/xB xapakrepa s 3pasky m1 (ITAH-Ti0z-P25). [lorasaso, 1o mosriaHUIiHOBA IUTIBKA € CEHCHOLTi3a-
TopoMm mix yac Y@ onpominenss. Oororaramitnaauii edexr [TAH-TiOz mosicHioeTbCsST CHHEPTeTUIHUM edek-
tom mizk ITAH i TiOs, mo cupusie edexTrBHOCTI Mirparii poToreHepoBaHUX HOCIIB Ha Misk(a3Hii rpaHuUI
TTAH-TiO: (EIIP). MaremaTnununii aHAJII3 1II0CTPye MIBUOKICTH Jerpagailii eHoy 3a paxXyHOK KPHUBHUX 3

moJIiHOMaMu 4 1 6 cTemneHiB.

Kmiouori ciosa: @ororaramiszarop, TiOz, Amaras, [lomawmimu, Jipka, YO-umumuii, Hamoxommoaur,

OmnpomiHeHHS.
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