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Abstract
Surface modification of TiO2 with polyaniline (PANI) conducting polymer has been used to achieve visible light 
photoresponse, thereby increasing solar photocatalytic activity. In this study, photocatalytic performances of PANI-TiO2 
composites with different mole ratios were synthesized by the in situ chemical oxidation polymerization method and tested 
for the degradation of a model refractory organic matter (RfOM), namely humic acid in an aqueous medium under simulated 
solar irradiation in a comparative manner. Adsorptive interactions under dark conditions and interactions under irradiation 
were investigated as contributing factors to photocatalysis. Degradation of RfOM was monitored in terms of UV–vis 
parameters (Color436, UV365, UV280, and UV254) and fluorescence spectroscopic parameters as well as the mineralization 
extent by dissolved organic carbon contents. The presence of PANI exerted an enhancement in photocatalytic degradation 
efficiency compared to pristine TiO2. The synergistic effect was more pronounced in lower PANI ratios whereas higher 
PANI ratios reflected a retardation effect. Degradation kinetics were assessed by pseudo-first-order kinetic model. For all 
UV–vis parameters analyzed, highest and lowest rate constants (k) were attained in the presence of PT-14 (2.093 × 10−2 to 
2.750 × 10−2 min−1) and PT-81 (5.47 × 10−3 to 8.52 × 10−3 min−1), respectively. Variations in selected absorbance quotients, 
i.e., A254/A436, A280/A436, and A253/A203, were distinctive and compared with respect to irradiation time and photocatalyst 
type. Upon use of PT-14, a steady decreasing profile with respect to irradiation time was attained for A253/A203 quotient as 
0.76–0.61, followed by a rapid decrease to 0.19 in 120 min. The incorporation effect of PANI into TiO2 composite could be 
visualized in A280/A365 and A254/A365 quotients exhibiting an almost constant and parallel trend. As a general trend, decrease 
in the major fluorophoric intensity FIsyn,470 with photocatalysis was observed under extended irradiation conditions; however, 
an abrupt decline was remarkable in the presence of PT-14 and PT-18. Fluorescence intensity decrease correlated well with 
spectroscopic evaluation of rate constants. A thorough evaluation of spectroscopic parameters of UV–vis and fluorescence 
can provide significant information for practical applications in control of RfOM in water treatment.
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Introduction

Due to the continuous release of contaminants into 
the environment, the application of photocatalysis as 
an alternative advanced oxidation treatment process is 

attracting the focus of researchers. As presented for decades, 
TiO2 is the most extensively used photocatalyst exhibiting 
excellent photocatalytic activity, stability, and a band gap 
energy (Ebg = 3.2 eV) coinciding with UVA region of solar 
spectrum (Parrino and Palmisano 2021).

To overcome the disadvantages of n-type semiconductors 
expressing large band gaps, coupling with conducting 
polymers (CPs) that exhibit small bandgaps and extended 
π–e− systems drew current interest. With respect to attained 
beneficial effect via “sensitization,” coupling of p-type 
conducting polymers with an n-type semiconductor is regarded 
as a new area of research. Polyaniline (PANI), primarily 
composed of benzenoid and quinoid structures, is the most 
widely studied CP. The combination of PANI (p-type CP) with 
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TiO2 (n-type semiconductor) as a p–n junction reduces the 
rate of electron–hole recombination leading to enhancement in 
photocatalytic activity. Hence, for photocatalytic applications, 
PANI has been reported as a suitable candidate for the 
preparation of PANI-TiO2 composites (Nowakowska and 
Szczubiałka 2017; Riaz et al. 2015). 

The photocatalytic activity of PANI/TiO2 composite has 
been investigated using various substrates covering dyes, 
i.e., methylene blue (Deng et al. 2016; Doğan et al. 2020; 
Heshmatpour and Zarrin 2017; Koysuren and Koysuren 2019; 
Lee et al. 2020; Rahman and Kar 2020a, b; Reddy et al. 2016; 
Yang et al. 2017), reactive red 45 (Gilja et al. 2017), reactive 
black 5 (Jumat et al. 2017), rhodamine B (Deng et al. 2016; 
Ma et al. 2020; Reddy et al. 2016), methyl orange (Sboui 
et al. 2017), crystal violet (Heshmatpour and Zarrin 2017), 
allura red, and quinoline yellow (Salem et al. 2009); various 
pesticides such as thiacloprid, clomazone, quinmerac, and 
sulcotrione (Lazarevic et al. 2019); emerging contaminants, 
e.g., bisphenol A (Rahman and Kar 2020a; Sambaza et al. 
2020) and sulfaquinoxaline (Sandikly et al. 2021); and as 
an example of microbiological species bacteriophage MS2 
was also studied. A comprehensive study on the removal of 
selected biologically active compounds (pharmaceuticals and 
pesticides) was also performed by Merkulov and colleagues 
reporting degradation kinetics, toxicity evaluation, as well 
as assessment of reaction intermediates (Sojic Merkulov 
et al. 2018). Detailed information about various light sources 
utilized in related studies in literature was reported by Turkten 
and colleagues (Turkten et al. 2021). 

The presence and role of organic matter (NOM) in natural 
terrestrial and aquatic environments has long been investi-
gated due of its ill-defined composition, molecular size poly-
dispersity, and configurational diversity (Feng et al. 2022). 
Possessing relatively poor biodegradability, organic matter 
could also be defined as refractory organic matter (RfOM) 
(Frimmel et al. 2008). RfOM is mainly composed of organic 
fractions as humic substances, which can further be classi-
fied as humic acid (HA), fulvic acids, and humin. Humic 
macromolecules are composed of conjugated olefinic, aro-
matic, phenolic–semiquinone–quinone structures expressing 
a wide spectrum of aliphatic/aromatic functional groups and 
chromophoric moieties.

The presence of these substances is mainly considered 
from aesthetic problems, i.e., color, although the major 
health concern is related to the formation of potentially 
harmful disinfection by-products. Therefore, removal of 
organic matter from drinking water holds prime importance 
achieved either by conventional methods or by advanced oxi-
dation processes. Extensive efforts were devoted to unravel 
the interactions between NOM/RfOM and TiO2 in relation to 
direct photocatalytic abatement of organic matrix in natural 
waters (Drosos et al. 2015; Tercero Espinoza et al. 2009; 
Uyguner-Demirel and Bekbolet 2011; Uyguner-Demirel 

et al. 2017). Recent interest was mainly diverted to test-
ing bare and Cu-doped TiO2 specimens for the photocata-
lytic removal of various molecular size fractions of HA as 
the representative of organic matter (Turkten et al. 2019; 
Uyguner-Demirel et al. 2022). Moreover, 100 kDa HA and 
its reactivity towards visible light active TiO2/ZnO compos-
ite photocatalyst specimens was also investigated (Turkten 
and Bekbolet 2020).

Preparation of PANI composites and their applications 
for photocatalysis by our research group are mostly on the 
removal of simple organic dyes such as like methylene blue 
as standards for material testing in aqueous medium under 
UVA irradiation (Turkten et al. 2021). As a further step, this 
study was conducted to gain insight about the activities of 
PANI-TiO2 composites for the removal of complex refrac-
tory organic matter (RfOM) namely HA. In recent years, 
a few studies were reported on the photocatalytic removal 
performance of both anionic and cationic dyes such as mal-
achite green (Sarmah and Kumar 2011), methylene blue 
(Koysuren and Koysuren 2019; Turkten et al. 2021), mala-
chite green and methylene blue (Eskizeybek et al. 2012), 
and organic pollutants such as phenol (Cui et al. 2018) in 
aqueous medium using PANI specimen. Moreover, there 
were several adsorption studies using PANI/HA com-
posites for the removal of heavy metals in water (Li et al. 
2011; Zhang et al. 2010). Besides, Wang and his colleagues 
investigated PANI as adsorbent to remove HA in aqueous 
solution (Wang et al. 2012). The photocatalytic degradation 
mechanism of many simple model compounds the struc-
tures of which are well known, are used for photocatalytic 
activity testing in the presence of PANI. The degradation 
kinetics and mechanisms of these basic compounds can 
be predicted according to related literature findings. How-
ever, in case of complex RfOM whose molecular structure 
is unknown, there are many other effects that are directly 
associated with the properties of humic acid like its origin 
(aquatic, terrestrial, etc.), polydisperse structure effecting 
its molecular size fraction and photosensitization property. 
Moreover, operational parameters like photocatalyst type, 
effective light wavelength, pH, and medium composition 
should also be considered in photocatalysis. Hence, investi-
gating the photocatalytic degradation of RfOM in the pres-
ence of PANI-TiO2 composites requires significant interest. 
To the best of our knowledge, photocatalytic performances 
of PANI and PANI-TiO2 composites for the degradation of 
RfOM in aqueous medium were reported for the first time 
in this study under simulated solar irradiation in a compara-
tive manner. Detailed information on the preparation and 
characterization of PANI and PANI-TiO2 composites was 
presented elsewhere (Turkten et al. submitted for publica-
tion). The adsorptive interactions under dark conditions 
and interactions under irradiation as contributing factors to 
photocatalysis were also highlighted. RfOM removal was 
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followed by selected UV–vis parameters (Color436, UV365, 
UV280, and UV254), specific UV–vis quotients (A254/A436, 
A280/A436, A254/A365, A280/A365, and A253/A203) and fluo-
rescence spectroscopy (synchronous scan) under dark and 
irradiation conditions. In this regard, the multicomponent 
interaction mechanism prevailing between PANI, RfOM, 
and TiO2 or the resulting possible structural changes of the 
ternary system were not the focus of this study.

Methodology

Materials and Methods

TiO2 P-25 supplied from Evonik was used as the primary 
photocatalyst (referred to simply as TiO2). Aniline (C6H5NH2, 
for analysis), ammonium persulfate ((NH4)2S2O8 ACS 
reagent, ≥ 98.0%), and hydrochloric acid (HCl, ACS reagent, 
37%) were provided by Merck and used without further 
purification. Humic acid (HA) was purchased from Aldrich 
(Sigma-Aldrich, St. Louis, MO, USA) as sodium salt. All 
aqueous solutions were prepared with deionized water.

The emeraldine salt (conducting) form of PANI (referred 
to simply as PANI) and PANI-TiO2 composites were 
synthesized by in situ chemical oxidation polymerization 
method. The synthesis procedure was explained in Part I 
of the study (Turkten et al. submitted for publication). A 
representative chemical structure of PANI was illustrated 
in Supplementary Materials (SM) in Fig. SM1. PANI-TiO2 
composites were designated as PT-18, PT-14, PT-11, PT-41, 
and PT-81, respectively, based on their relative mole ratios. 
All PT specimens were characterized according to Fourier 
transform infrared spectroscopy, Raman spectroscopy, 
X-ray diffraction, scanning electron microscopy, X-ray 
photoelectron spectroscopy, diffuse reflectance spectroscopy, 
photoluminescence spectroscopy, Brunauer–Emmett–Teller 
surface area, and thermo-gravimetric analyses techniques as 
presented by Turkten and colleagues (Turkten et al. submitted 
for publication). The surface characteristic properties of 
PANI, TiO2, and PT-11 are presented in SM, Table SM1.

Preparation methodology of RfOM model 
compound

RfOM representative model compound was prepared 
as 100 kDa molecular size fraction of HA by stirred cell 
ultrafiltration apparatus (Amicon 8050) using appropriate 
membrane filter cutoff. Distilled-deionized water was used 
where necessary. The specified UV–vis parameters and dis-
solved organic carbon (DOC) content of 100 kDa HA were 
determined as follows: Color436 = 0.107, UV365 = 0.227, 
UV280 = 0.547, UV254 = 0.640, and DOC = 7.294 mg L−1 
(Birben et al. 2017).

Assessment of photocatalytic activity

Photocatalytic activity testing was performed using 
Solar Simulator Atlas Suntest CPS + (Ref. 56,052,371) 
equipped with an air-cooled Xenon lamp with emission 
range of λ = 300–800 nm and light intensity of Io = 250 
W m−2. The photocatalyst dose was kept constant as 
0.25 mg mL−1. All runs were performed individually using 
50 mL sample volume. The experiments were performed 
at room temperature (25 °C ± 2) and under non-adjusted 
pH conditions (pH = 5.5–6.0). The stirring speed of the 
magnetic stirrer was also set to 320 rpm avoiding vortex 
formation. Irradiation time-based changes of RfOM were 
monitored according to descriptive parameters outlined in 
the following section.

Selected RfOM descriptive parameters

UV–vis spectroscopic parameters  A Perkin Elmer Lambda 
35 spectrophotometer was used for the measurement of 
absorbance at specific wavelengths of 436 nm (Color436), 
365 nm (UV365), 280 nm (UV280), and 254 nm (UV254). 
UV–vis absorbance quotients as A254/A436, A280/A436, A254/
A365, A280/A365, and A253/A203 were also presented. The 
photocatalytic activities were evaluated with respect to the 
degradation kinetics of RfOM as expressed by selected UV–
vis parameters (Color436, UV365, UV280, and UV254). The 
differentiations were acquired in terms of the absorbance 
values in color forming moieties (Color436) and UV-absorbing 
centers (UV365 and UV254) as described elsewhere (Uyguner 
and Bekbolet 2005a, b; Uyguner-Demirel and Bekbolet 
2011). Besides, the application of UV–vis absorbance ratios 
(A254/A436, A280/A436, A254/A365, A280/A365, and A253/A203 
UV250/UV365) could imply the removal of color forming 
groups in correlation to the removal of UV-absorbing 
centers revealing spectral variations of RfOM (Uyguner and 
Bekbolet 2005a, b).

Fluorescence spectroscopic parameters  A Perkin Elmer 
LS 55 Luminescence Spectrometer equipped with a 150 W 
xenon arc lamp and a red sensitive photomultiplier tube was 
used for the characterization of fluorescence features in syn-
chronous scan mode. Synchronous scan was acquired in the 
excitation wavelength range of 200–600 nm (∆λ = 18 nm).

Dissolved organic carbon  A Shimadzu Vwp TOC analyzer 
was used for the determination of DOC (mg L−1) in non-
purgeable organic carbon mode.

Following each treatment period, photocatalyst 
was immediately removed from the reaction medium 
via double filtration through 0.45 µm and 0.22 µm 
membrane filters to avoid post-adsorption of organics 
onto photocatalyst specimens.
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Results and discussion

Due to the possibility of various reactions prevailing between 
components and to understand the interactions in the aqueous 
medium, mono- and binary systems were defined as follows:

1.	 Interactions under irradiation; (i) light and sole 
RfOM revealing direct photolysis of the substrate to 
be described by spectral features, (ii) light and sole 
PANI specimens expressing stability under irradiation 
followed by spectral analysis, (iii) light and “RfOM 
and photocatalyst specimens” indicating photocatalysis 
described by spectral analysis, respective parameters as 
well as kinetic modeling.

2.	 Interactions under dark conditions: (i) sole PANI 
specimens expressing stability under dark conditions 
followed by spectral analysis, (ii) RfOM adsorption 
onto all photocatalyst specimens revealing surface 
interactions followed by spectral features.

Preliminary experiments of RfOM and PANI 
under simulated solar irradiation

UV–vis and fluorescence spectra of RfOM displayed similar 
pattern to that of HA as verified by respective parameters under 
all experimental conditions. The photochemistry of RfOM, i.e., 
humic matter is complicated due to ill-defined structure of the 
material (Loiselle et al. 2012). Characterization of photolysis 
products is hindered by the limitations of humic chemistry 
giving no way to identification of an exact molecular structure. 
Hence, integrative data and sum parameters of UV–vis and 
fluorescence spectroscopy have been used for description of 
humic educts and products, as well as for the chromophores 
(Frimmel 1990; Korshin et al. 1999).

It is very well documented that in aquatic systems, RfOM 
acts both as a photosensitizer and a quencher. The photo-
sensitizing properties are due to production of triplet RfOM 
(3RfOM) and reactive oxygen species (ROS, i.e., O2

•−, HO•, 
and H2O2) along with excited state of RfOM* (Eqs. 1–11) 
(Dalrymple et al. 2010).

(1)
1RfOM + hv →

1RfOM ∗→ intersystem crossing →
3RfOM ∗

(2)3RfOM ∗→ 1RfOM + 1O2

(3)1RfOM + hv → RfOM∙+∕∙−

(4)1RfOM ∗→ RfOM∙+∕∙−

(5)3RfOM ∗→ RfOM∙+∕∙−

Following the formation of oxygen radicals, several 
consecutive (Eqs. 12–16) as well as radical termination 
(Eqs. 17–19) reactions would also take place.

Species present in RfOM-based radical pool react either 
through a non-selective route (HO•, E° = 2.80 V) or via 
selective reaction pathways (e.g., 1O2, E° = 1.10 V) with 
the compounds present in vicinity of the source. Further-
more, these species could selectively target electron-rich 
moieties such as phenols and/or activated aromatics (Lee 
and von Gunten 2010). In the presence of organic matter 
under simulated sunlight, formation of 1O2 and H2O2 was 
also reported as contributing to the reaction medium (Garg 
et al. 2011). Based on this reaction mechanism, direct pho-
totransformation was predicted along with insignificant 
self-degradation of RfOM (< 5%). Furthermore, sensitiz-
ing effect was expected in the presence of PANI and PANI-
TiO2 specimens upon irradiation during photocatalysis.

Sole PANI specimen (0.25  mg  mL−1) in distilled 
water was also exposed to simulated solar irradiation 

(6)RfOM∙+∕∙− + O2 →
∙ RfOM+ + O2

−

(7)3RfOM ∗ +O2 →
∙ RfOM+ + O2

−

(8)1RfOM + 1O2 → O2
− +∙ RfOM+

→ products

(9)3RfOM ∗ +H2O → RfOM − H∙ + HO∙

(10)3RfOM ∗ +O2 → (RfOM)deg + O2
∙−∕HO2

∙

(11)3RfOM ∗ +O2 →
1RfOM + 1O2

(12)O2
∙−∕HO2

∙
→ H2O2

(13)2O2
∙− + 2H+

→ H2O2 + O2

(14)H2O2 ↔ H+ + HO2− pKa = 11.6

(15)2O2
∙− + H2O2 → O2 + HO∙ + OH−

(16)O2
∙− + H+

→ HO2
∙

(17)O2
∙− + HO2

∙
→ HO2− + O2

(18)HO2∙ + HO2∙ → O2 + H2O2

(19)HO∙ + HO2
∙
→ H2O + O2
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(tirr = 120  min) and expressed considerable stability as 
confirmed by UV–vis spectral analysis of the released 
organic matrix. Similarly, under dark conditions, sole PANI 
exhibiting similar declining feature also revealed very low 
absorptivity.

Adsorptive interactions in the absence of light

Adsorption of the substrate at the surface of the photo-
catalyst is a critical step that determines the interaction 
of induced ROS with the substrate. Initial adsorption, i.e., 
t = 0 min condition represented the instantaneous introduc-
tion of the photocatalyst particle to RFOM solution and its 
subsequent removal by filtration through 0.45 µm membrane 
filter. Surface interactions could be visualized as governed 
by simultaneously operating attractive and repulsive forces 
between deprotonated functional groups of the adsorb-
ate (macromolecular organic oxyanion size fractions) and 
photocatalyst surface acquiring both charges (Turkten et al. 
2019).

As a basis for comparison, TiO2 displayed a decreasing 
order of color forming chromophoric moieties followed by 
UV-absorbing centers (Color436 > UV365 > UV254 > UV280). 
The reason was extensively explained in terms of pH 
dependent electrostatic attractions in relation to surface 
charge development on the oxide surface (pHzpc = 6.3) as 
well as the deprotonated carboxylic functional groups of 
humic acid (Uyguner and Bekbolet 2005a).

Highest initial adsorption extents were attained in the 
presence of sole PANI (UV280 > UV254 > UV365 > Color436) 
in accordance with recent literature findings showing that 
PANI is effective for adsorbing HA (Wang et al. 2014). The 
order of removal of RfOM in the presence of PANI indi-
cated that the dense aromatic structures played the major 
role in hydrophobic attractions even van der Waal’s forces. 
Humic molecules are known to be negatively charged due to 
deprotonation of carboxylic and phenolic groups at a wide 
range of pH (2–10) (Baglieri et al. 2014) while PANI having 
imine (–NH+–) and amine (–NH2–) groups are cationic over 
this pH range (Laabd et al. 2016; Wang et al. 2012, 2015). 
Hence, electrostatic attraction was expected to contribute to 
better removal efficiencies as presented in Fig. 1. Consid-
ering the presence of charged moieties in humic structure, 
interactions between polar functional groups of the adsorb-
ate (i.e., carboxylate functions) and the nitrogen heteroatom 
of PANI are plausible.

Considering PANI-TiO2 composites, incorporation 
of PANI to TiO2 affected the extent of dark interactions 
as displayed by all UV–vis parameters. With a decrease 
in PANI content, the adsorption capacity of composites 
also decreased although relatively close removal percent-
ages were attained for PT-14 and PT-18. Competing role 
of both color forming moieties and UV-absorbing centers 

representing deprotonated functional groups and lone pair 
electron centers of conjugated systems versus dense aromatic 
skeleton expressing mainly hydrophobic character should be 
considered. As a general trend, UV-absorbing centers were 
relatively better adsorbed than color-forming moieties. It 
could also be deduced that the role of UV-absorbing centers 
predominated over surface area effect during dark interac-
tions. Based on UV254 data, the adsorption extent of RfOM 
onto sole PANI was 45.20% whereas incorporation of PANI 
into TiO2 structure, e.g., PT-11 expressed 27.92% removal 
in comparison to sole TiO2 as 19.40%.

FT-IR features of the initial adsorption conditions of 
PANI and PANI-TiO2 in the presence of RfOM were docu-
mented in detail as reported in manuscript, Part I (Turkten 
et al. submitted for publication). Slight shifts in the peak 
positions were observed due to the adsorption of RfOM. The 
reason could be the electron transfers pertaining between 
PANI and TiO2 (Sarmah and Kumar 2011). Moreover, the 
peak related to surface anions of the protonated part of PANI 
at 575 cm−1 vanished with increasing TiO2 concentration 
(PT-11, PT-14 and PT-18). UV-absorbing centers as pre-
sented in Fig. 1 were consistent with this finding and the 
presence of surface anions of PANI could play a remarkable 
role on the interactions of charged moieties on RfOM.

The surface characteristic properties of PANI, TiO2, and 
PT-11 are presented in SM, Table SM1. The high adsorption 
capacity was related to high surface area and pore volume. 
Surface area displaying a significant role in dark interactions 
of the complex adsorbate/adsorbent system indicated an 
inconsistent effect with respect to both specimen and organic 
matrix conditions. BET surface areas of PT-11, PANI and 
TiO2 were 34.3 m2 g−1, 26.1 m2 g−1, and 55 m2 g−1, respec-
tively, indicating an inverse relationship with initial adsorp-
tion profiles. Modifying TiO2 with PANI led to a decrease 
in surface area of the composite probably hindering elec-
trostatic interactions. Wang and colleagues reported lower 

Fig. 1   t = 0 condition, removal of UV–vis spectroscopic parameters 
by initial adsorption
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surface areas for PANI/TiO2, TiO2, and PANI specimens as 
11.894, 5.235, and 19.214 m2 g−1, respectively (Wang et al. 
2019). On the other hand, Zhang and colleagues reported no 
significant change in the surface area of TiO2 (50.1 m2 g−1) 
and PANI modified TiO2 (49.7 m2 g−1) (Zhang et al. 2008). 
The difference could be attributed to the preparation meth-
odology of PANI/TiO2 specimens resulting in inconsistent 
comparisons.

Furthermore, selected absorbance quotients as A254/
A436, A280/A436, A254/A365, A280/A365, and A253/A203 were 
also presented (Fig. 2). The absorbance quotient A250/A365 
which describes a shift towards absorption in the red part of 
the spectrum, was positively correlated with low-molecular-
weight DOC compounds while negatively related to average 
molecular DOC weight (Berggren et al. 2010; Dahlén et al. 
1996; Uyguner and Bekbolet 2005b). Therefore, A254/A365 
was chosen as a simple index indicating the possible diver-
sity of heterogeneous organic matrix (Ågren et al. 2008).

Insignificant variations of A254/A365 quotient were attained 
under all conditions. Similarly, A280/A365 quotients were also 
almost invariable for all photocatalyst specimens. On the other 
hand, A254/A436 and A280/A436 quotients exhibited a variable trend, 
while lowest values were observed in the presence of sole PANI. 
Hence, neither A254/A365 nor A280/A365 could be recognized 
as indicative parameters. A plausible explanation could be 
related to the contribution of color forming moieties rather than 
the aromatic core with respect to photocatalyst type. Since all 
UV–vis parameters represented the humic structure comprised of 
conjugated double bond systems and a dense aromatic core, both 
electrostatic and hydrophobic interactions should be considered. 
Sun and colleagues investigated the adsorptive interactions of 
PANI and tannic acid composition which highly resembled humic 
macromolecules (Sun et al. 2017). In their study, mechanism of 
adsorption was explained with the mutual roles of van der Waal’s 
forces, π–π interactions and hydrogen bonding prevailing between 
PANI chains and organic fractions.

It should also be emphasized that two opposing phenomena 
could be visualized: (i) TiO2 surface could be deposited by 
PANI emeraldine salt avoiding TiO2 agglomeration due to 
the presence of positive charges excluding each other (Li 
et al. 2008); (ii) TiO2 particles could also be deposited onto 
PANI chains (Gu et al. 2012). Furthermore, the effect of PANI 
coating onto TiO2 particle could shield direct light harvesting 
of TiO2 enabling indirect e− injection from sensitized PANI 
to TiO2.

Under these conditions, inconsistent descriptions are 
available in literature on the morphology of PANI/HA by 
TEM images with differing magnifications. Zhang and 
colleagues reported that PANI/HA particles exhibited 
spherical shape with an average size of 50–60 nm whereas 
Li and co-workers defined a complex network structure 
with sizes about 10–20 nm (Li et al. 2011; Zhang et al. 
2010).

Photocatalytic degradation of RfOM using PT 
specimens

Fundamentally, upon irradiation with UV/visible light, 
semiconductors catalyze redox reactions in the presence of 
air/O2 and water. Through the formation of reactive oxygen 
and radical species degradation/decomposition reactions take 
place (Banerjee et al. 2006). Considering the most versatile 
photocatalyst TiO2, in aqueous phase, primary events followed 
by reactions taking place in the presence of O2 are given as 
follows (Eqs. 20–31):

Reactions involving TiO2,CB,e−

(20)TiO2 + hv
(

E ≥ Ebg

)

→ TiO2,CB, e
− + TiO2,VBh

+)

(21)TiO2,CB,e
− + O2 → TiO2 + O2

∙−

(22)TiO2,CB,e
− + O2

∙− + 2H+
→ TiO2 + H2O2

(23)TiO2,CB,e
− + H2O2 → TiO2 + HO∙ + OH−

(24)2O2
∙− + H2O2 → HO∙ + OH− + O2

(25)O2
∙− + H+

→ HO2
∙

(26)TiO2,CB,e
− + HO2

∙
→ TiO2 + HO2−

(27)HO2− + H+
→ H2O2

(28)HO2
∙ + HO2

∙
→ O2 + H2O2

Fig. 2   t = 0 condition, selected absorbance quotient profiles upon ini-
tial adsorption
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Reactions involving TiO2,VB,h+

Radical termination reactions could also take place 
forming mainly H2O2 and O2 (Eqs. 17–19).

Upon visible light irradiation charge separation would 
take place due to energy difference (E = 2.8 eV) between 
HOMO and LUMO levels of PANI (Jangid et al. 2021; Li 
et al. 2008; Zhang et al. 2008). Excluding recombination 
of back-reaction in the presence of TiO2 expressing wider 
band gap, promoted electrons could be injected to the con-
duction band of TiO2. These electrons could possibly take 
role in aforementioned reactions, and the photogenerated 
holes of TiO2 would also react as expected (Eqs. 32–35).

PANI/TiO2 nanocomposites could be activated simul-
taneously by UV and visible light. Under UV-irradiation, 
both PANI and TiO2 could absorb photons and via e– reac-
tions with O2 superoxide radicals and further reactions 
with H2O, HO• radicals could form. Moreover, upon 
absorption of visible light (λ > 400 nm) by PANI/TiO2, 
the transitions π → polaron and polaron → π* in PANI 
molecules could be expected. Excited-state electrons from 
PANI molecules could be injected to TiO2,CB and through 
reaction with O2,ads ROS would be formed. The photogen-
erated PANI, h+ migrating to  the interface could form 
hydroxyl radicals via reactions with H2O. Therefore, under 
simulated solar light conditions, generation of HO• radi-
cals as well as ROS could be explained. Thus, PANI could 
serve as a sensitizer, an efficient electron donor and also as 
a good hole transporter (Yang et al. 2017). Based on the 
formation and reactivity of ROS attained via sole TiO2 
photocatalysis (Eqs. 20–31) in combination with the sen-
sitizing effect of PANI leading to complex intra-system 
ROS formation in PANI-TiO2 composite (Eqs. 32–35), 
degradation of RfOM could be accomplished. It should 
also be emphasized that under solar irradiation humic moi-
eties could also act as photosensitizers resulting in double 
synergy of photosensitization effect.

(29)TiO2,VB,h
+ + H2Oads → TiO2 + HO∙

ads + H+

(30)TiO2,VB,h
+ + H2Oads → TiO2 + H2O2 + H+

(31)TiO2,VB,h
+ + OH−

→ TiO2 + HO∙
ads

(32)PANI∕TiO2 + hv → PANI+∕TiO2 + e−CB

(33)e−CB + O2 → O2
∙−

(34)PANI+∕TiO2 → PANI∕TiO2 + h+VB

(35)h+VB +
(

H2O ↔ H+ + OH−
)

→ H+ + HO∙

Under the specified reaction conditions, photocatalytic 
progression was monitored by spectral features of RfOM 
during light exposure of 0–120 min in certain intervals 
using all photocatalysts, i.e., PANI, TiO2, and PT specimens. 
UV–vis spectral features revealed that RfOM retained char-
acteristic logarithmic decreasing profiles upon use of all 
photocatalyst specimens including sole PANI as presented 
in SM in Fig. SM2.

The absorption of visible light would increase as PANI/
TiO2 ratio increased in favor of PANI (PT-11, PT-41, and 
PT-81) due to the light harvesting capacity of both PANI and 
RfOM, which was beneficial for ROS generation. Contrary 
to this case, absorption of light decreased as PANI/TiO2 
ratio (PT-11, PT-14, and PT-18) changed in favor of TiO2 
due to the obstructive effect from excess TiO2, which was 
detrimental for the generation of ROS. Incremental contribu-
tion of PANI to TiO2 exerted an irradiation time dependent 
variable effect that was more pronounced for PT-18 resem-
bling sole TiO2.

Variations in selected absorbance quotients as A254/A436, 
A280/A436, A254/A365, A280/A365, and A253/A203 were also 
compared with respect to irradiation time and photocatalyst 
type (Fig. SM3). As already stated, A254/A436 was evaluated 
as depicted in Fig. 3. From a general perspective, irradia-
tion time-dependent specimen-specific discrepancies were 
observed. Sole PANI expressed a slightly decreasing trend 
whereas sole TiO2 displayed a dramatic decrease following 
20 min of exposure then showing a similar trend to sole 
PANI. However, under t = 0 condition that represented the 
role of UV-absorbing centers to color forming moieties in 
adsorption, the following trend was achieved for A254/A436; 
TiO2 > PT-14 > PT-18 > PT-11 > PT-41 > PT-81 > PANI 
(Fig. 2).

During photocatalysis, almost all absorbance quotients 
increased compared to t = 0 condition, although substantial 
losses were attained in DOC contents. Therefore, a correla-
tive approach was presented relating absorbance quotients, 

Fig. 3   Irradiation time (min) dependent variations of A254/A436 dur-
ing photocatalysis
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i.e., A254/A436, A280/A436, A254/A365, A280/A365 as well as 
A253/A203 to the removal of DOC contents (Fig. 4a–g). Upon 
use of sole TiO2, A253/A203 quotient displayed a decreas-
ing trend as 0.78–0.23 representing the presence of high 
molecular weight organic fractions composed of aromatic 
rings along with DOC removal up to 85% (~ 1 mg L−1). 
All other absorbance quotients showed fluctuations indicat-
ing the balancing role of color-forming moieties and UV-
absorbing centers. In the presence of PT-11, a rather steady 
decreasing profile was attained for A253/A203 quotient. The 
incorporation effect of PANI into TiO2 composite could be 
visualized in A280/A365 and A254/A365 quotients exhibiting 
an almost constant and parallel trend. Upon use of PT-14, 
a rather steady decreasing profile was attained for A253/
A203 quotient as 0.76–0.61 followed by a dramatic decrease 
down to 0.19 in 120 min. The incorporation effect of PANI 
into TiO2 composite could also be visualized in A280/A365 
and A254/A365 quotients. Furthermore, upon use of PT-18, a 
rather similar profile to PT-14 was observed in A280/A365 and 
A254/A365 quotients. On the other hand, a different profile 
was remarkable upon use of PT-41, expressing an almost 
insignificant change irrespective of DOC removals. The 
incorporation of PANI in higher ratios into TiO2 drastically 
affected the quotient distribution in a no-changing linear 
trend. Although 64% DOC was removed, A253/A203 quotient 
was still 0.54 representing almost similar organic consor-
tium. Inspecting data for PT-81, a similar profile to PT-41 
was observed expressing an almost insignificant change irre-
spective of DOC removals. The incorporation of PANI in 8:1 
ratio into TiO2 drastically affected the quotient distribution 
in a linear trend following 35% DOC removal while A253/
A203 quotient was 0.52 representing almost similar spectro-
scopic properties as that of PT-41. However, in the pres-
ence of PANI, all quotients displayed a steady decreasing 
profile irrespective of DOC removals indicating the role of 
all components upon irradiation. A253/A203 quotient ranged 
from 0.78 to 0.47 while 88% removal in DOC was attained 
in 120 min of photocatalytic oxidation.

Synchronous fluorescence spectra could bring in resolved 
information about the organic matrix composition (Senesi 
1990; Senesi et al. 1991). As reported previously, FIsyn 
(λemis = 200–600 nm) displayed the presence of major fluo-
rophoric region and shifts to lower wavelengths during pho-
tocatalysis (Uyguner and Bekbolet 2005a) (Fig. SM4). The 
major fluorophoric region centered at λemis ~ 470 nm and 
designated as FIsyn,470 expressed variations with respect to 
irradiation time (Fig. SM5). As a general trend, decrease 
in fluorescence intensity is expected with photocatalysis 
under extended irradiation conditions, however, an abrupt 

Fig. 4   a–g Absorbance quotients with respect to DOC removals, % 
upon use of all photocatalyst specimens
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decline in the presence of PT-14 and PT-18 is noteworthy. In 
accordance with high removal rates, destruction of aromatic 
moieties could be deduced from fluorescence intensities. 
Contrary to other photocatalyst specimens, PT-11 exhibits 
high FIsyn values at 90 min and 120 min. Synchronous fluo-
rescence spectral features and observed variations to lower 
wavelengths could be explained by utilization of these fluo-
rophores during photocatalysis as well as during primary 
adsorptive interactions (Uyguner and Bekbolet 2005a).

Kinetics of photocatalytic degradation

As evidenced by spectral features (Fig. SM2), all UV–vis 
parameters obeyed pseudo-first-order kinetic model (Eq. 36).

where

R	� pseudo-first-order rate (cm−1 min−1)
Ao	� initial absorbance of RfOM UV–vis parameters
A	� absorbance of RfOM at time t

t	� irradiation time, min
k	� pseudo-first-order reaction rate constant, min−1

Half-life (t1/2, min) could easily be calculated by the fol-
lowing equation, t1/2 = 0.693/k

Kinetic model parameters (R2 > 0.85) are presented in 
Table 1.

For all UV–vis parameters analyzed, the highest and 
lowest rate constants were attained in the presence of 
PT-14 and PT-81, respectively. Moreover, half-life values 
(t1/2, min) ranged from 40.7 to 58.9 min in the presence of 

(36)Rate (R) = −dA∕dt = kA
Fig. 4   (continued)

Table 1   Photocatalytic degradation kinetics of RfOM expressed by 
the specified UV–vis parameters

Kinetics UV–vis spectroscopic parameters

PANI Color436 UV365 UV280 UV254

kx10−2, min 0.923 1.123 1.279 1.300
Rate, cm−1 min−1 0.00121 0.00307 0.00857 0.01023
t1/2, min 75.1 61.7 54.2 53.3
PT-81
kx10−2, min 0.547 0.730 0.852 0.852
Rate, cm−1 min−1 0.00072 0.00200 0.00571 0.00671
t1/2, min 126.7 95.0 81.4 81.4
PT-41
kx10−2, min 0.971 0.992 0.987 0.978
Rate, cm−1 min−1 0.00127 0.00271 0.00662 0.00770
t1/2, min 71.4 69.9 70.2 70.9
PT-11
kx10−2, min 1.490 1.411 1.206 1.266
Rate, cm−1 min−1 0.00194 0.00393 0.00834 0.01032
t1/2, min 46.5 49.1 57.5 54.8
PT-14
kx10−2, min 2.093 2.750 2.337 2.271
Rate, cm−1 min−1 0.00273 0.00766 0.01617 0.01852
t1/2, min 33.1 25.2 29.7 30.5
PT-18
kx10−2, min 1.613 2.001 2.220 2.190
Rate, cm−1 min−1 0.00211 0.00547 0.01488 0.01724
t1/2, min 43 34.6 31.2 31.6
TiO2

kx10−2, min 1.177 1.448 1.675 1.701
Rate, cm−1 min−1 0.00154 0.00396 0.01123 0.01339
t1/2, min 58.9 47.9 41.4 40.7
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TiO2, while values in the range of 81.4 to 126.7 min were 
attained in case of PT-81. Wang and colleagues reported the 
isoelectric points of PANI, TiO2, and PANI/TiO2 as 7.05, 
2.66, and 5.2, respectively (Wang et al. 2019). The band gap 
energies (Ebg) for TiO2 and TiO2/PANI determined by using 
Tauc plot via modified Kubelka–Munk function with linear 
extrapolation were presented as 3.17 and 2.88 eV (Asgari 
et al. 2019). Moreover, Lee and co-workers reported that Ebg 
of pristine TiO2 and PANI/TiO2 composites were 3.21 and 
3.15 eV, respectively. A similar reduction in band gap energy 
of PANI/TiO2 composite (3.07 eV) has also been revealed 
in some studies, which could lead to higher photocatalytic 
activity (Lee et al. 2020; Li et al. 2008). Efficient shifting of 
the photoresponse of TiO2 to visible range after polyaniline 
incorporation has been confirmed by band-gap energies as 
2.71 eV, 2.82 eV, 2.90 eV, 2.96 eV, 3.06 eV, and 3.20 eV for 
PT-81, PT-41, PT-11, PT-14, PT-18, and TiO2, respectively 
(Turkten et  al. 2023). The bandgap energies directly 
indicated the effective utilization of solar irradiation leading 
to degradation of organic matter.

On the other hand, the effect of initial adsorption extent 
of RfOM onto PANI as expressed by all UV–vis parameters 
could not be directly correlated with degradation rate pro-
files. Although the lowest surface interactions were attained 
for PT-14 and PT-18, considerable enhancement in photo-
catalytic activity was observed for these PANI-TiO2 com-
posites compared to pure TiO2 for the degradation of RfOM 
in terms of all defined UV–vis parameters (Fig. 5). The sur-
face charge of the PANI/TiO2 composites could be expected 
at pH 5–6 with respect to pertaining components as PANI 
(pHzpc = 5.8) and TiO2 (pHzpc = 6.3) (Birben et al. 2017; 
Wang et al. 2009). Therefore, surface interactions leading to 
differing adsorption extents could not be simply attributed to 

the electrostatic interactions but could be related to coinci-
dental interactions due to hydrophobic/hydrophilic character 
of humic sub-fractions under stirring conditions.

Conclusions

PANI has been regarded as a promising conducting poly-
mer. To overcome the inherent drawbacks of TiO2, a stra-
tegic combination of PANI and TiO2 was accomplished 
in this study by in-situ chemical oxidation polymerization 
method to provide better stability and conductivity, as 
well as enhanced photocatalytic performance. Despite its 
practical properties, a limited number of studies has been 
carried out to degrade organic pollutants by TiO2 modified 
PANI. To extend research on the use of modified pho-
tocatalysts for the elimination of organic matter that has 
adverse effects on drinking water quality, a comparative 
work was presented to test their activity for the removal of 
RfOM under simulated solar irradiation. Among all PANI-
TiO2 composites with different mole ratios, noteworthy 
enhancement in photocatalytic activity was achieved in the 
presence of PT-14 and PT-18 compared to pristine TiO2 in 
terms of all defined UV–vis parameters. Kinetic data con-
firmed the highest rate constants for PT-14 (2.093 × 10−2 
to 2.750 × 10−2 min−1) and lowest rate constants for PT-81 
(5.47 × 10−3 to 8.52 × 10−3 min−1). The results highlight 
the applicability of PANI-TiO2 for the removal of recal-
citrant organic compounds. The synergetic effect between 
PANI and TiO2 was more pronounced in lower PANI ratios 
whereas higher PANI ratios reflected a retardation effect 
up to a specific mass ratio of polyaniline to TiO2. Further 
investigation of optimum dosages would still be required 
for practical applications. It could be concluded that PANI-
TiO2 composite with enhanced visible-light photocatalytic 
efficiency and stability can be utilized for the degradation 
of contaminants in water treatment. Moreover, a thorough 
investigation and assessment of spectroscopic parameters 
of UV–vis and fluorescence can also provide a proxy for 
practical applications in control and rapid estimation of 
RfOM in water treatment.
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