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Abstract
Refractory organic matter (RfOM) is ubiquitous in aquatic environment and plays various roles in regulating the fate, 
transport, toxicity, and bioavailability of chemical species, such as metals, emerging organic contaminants, and nanomaterials. 
RfOM is mainly represented by humic acids (HA) as the acid insoluble fraction of organic matrix. Considering the complex 
and multicomponent characteristic of HA, a detailed study was designed to elucidate the fate of molecular size fractions 
(MSFrs) of humic under solar irradiation in the presence of polyaniline (PANI)-modified TiO2 composites. Humic acid as 
a consortium of diverse molecular size fractions with different tendencies towards oxidation requires further assessment by 
UV–vis and fluorescence spectroscopic parameters complementary to previous studies on the photocatalytic degradation of 
RfOM by using TiO2 and PANI-TiO2 composites. Absorbance-based removal efficiencies under initial and post-photocatalytic 
conditions showed a re-formation trend during photocatalysis in the presence of PANI and TiO2 where higher MSFrs were 
transformed to lower MSFrs that was apparent for < 3 kDa fraction. Completely different profiles were observed for PT-41 and 
PT-81 indicating similar degradation pathways independent of PANI ratio in the composite. As confirmed by the investigated 
parameters, formation of both 450 kDa and 220 kDa MSFrs were evident under all conditions indicating in situ generation 
of higher MSFrs. The eligibility of coupled absorbance-fluorescence measurements to discern molecular size distribution 
of humic acid via oxidative degradation was also investigated. Excitation-emission matrix (EEM) contour plots emphasized 
the ratio dependency of PANI modification of TiO2 and revealed sample specific variations that were more pronounced in 
terms of the emergence of tyrosine- and tryptophan-like aromatic proteins.

Keywords  Molecular size fractions · PANI-TiO2 · Solar photocatalysis · Refractory organic matter · UV–vis and 
fluorescence spectroscopic parameters

Introduction

The presence of dissolved organic matter (DOM) in nature 
holds prime importance from human health and environment 
point of view. In this respect, non-biodegradable refractory 
organic matter (RfOM) is omnipresent in aquatic environ-
ments and plays an important role in regulating the fate, 
transport, toxicity, bioavailability, and biogeochemical 

cycles of chemical species, including metals, emerging 
organic contaminants, even nano materials (Feng et al. 2022; 
Wang et al. 2022). Due to the heterogenous nature of organic 
matrix, in sun-lit waters, RfOM could express molecular 
size-dependent chemical and photo-chemical reactivity as 
well as a remediation role in bioavailability and toxicity (Li 
et al. 2023a). As the main component of DOM in aquatic 
systems, humic substances (HS) comprise the major carbon 
pool in the biosphere (1600 × 1015gC). Depending on the 
solubility properties that are pH-controlled, HS are com-
posed of three fractions as fulvic acids, humic acids (HAs), 
and humin. HAs are insoluble under acidic (pH < 3) condi-
tions and are assemblies of a complex mixture of molecules 
of different size and structures in which chemical properties 
dynamically associate and stabilize by noncovalent interac-
tions (Lipczynska-Kochany 2018). The ill-defined structural 
diversity is regarded as an anionic polyamphiphile expressed 
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by molecular descriptors, i.e., aromaticity and aliphaticity 
derived from highly condensed hydrophobic backbones and 
hydrophilic side chains. HA is a consortium of molecular 
sub-fractions ranging in between 102 Da to 102 kDa, thus 
defined as highly heterogeneous and polydisperse in nature 
(Thurman et al. 1982; Xu and Guo 2017). Current research 
was directed to understanding of HAs as both macromol-
ecules and supramolecular aggregates comprised smaller 
organic units of molecular weight < 1 kDa (Baigorri et al. 
2007a, b; Schaumann 2006a, b). Supramolecular structures 
are mainly multimolecular in nature as held by hydrogen 
bonding, electrostatic and weak intermolecular interactions. 
Moreover, supramolecular structures are mainly affected by 
pH conditions of the aqueous medium, as well as by solar 
irradiation due to photosensitization effect of solar irradia-
tion (Petrov et al. 2017).

Generally, HA was considered as a simple organic acid 
excluding polydispersity and heterogeneous nature; however, 
specific information on the structural diversity is limited 
(Ilina et al. 2014). The polydispersity of HA as molecular 
size could be verified by several techniques such as gel per-
meation chromatography and ultrafiltration, whereas freez-
ing point depression method gives only number-averaged 
molecular weights. Ultrafiltration delineates humic molec-
ular size distribution profiles as affected by configuration 
and charge of the sub-fractions. Molecular size variations 
in RfOM could strongly influence UV–vis absorption prop-
erties thereby the observed reactivities prevailing under 
aquatic systems. So far, the molecular size distribution of 
humic acids both in relation to natural origins and during 
treatment schemes has been studied extensively (Uyguner 
and Bekbolet 2005a, b). Bekbolet and colleagues investi-
gated the effect of photocatalysis on humic molecular size 
fractions upon use of diverse photocatalysts (Uyguner-
Demirel et al. 2022; Turkten and Bekbolet 2020).

Heterogeneous photocatalysis is widely considered as 
an alternative degradation process due to its non-selective 
oxidation mechanism and achievement of full mineraliza-
tion. On the other hand, the main disadvantage of UVA-
light dependency had also extended research efforts to test-
ing various modifications of the photocatalysts as well as 
implementing photocatalytic degradation systems that are 
very well documented in literature (Li et al. 2023b; Constan-
tino et al. 2022; Jiang et al. 2021; Etacheri et al. 2015). As a 
novel approach, the incorporation of a conducting polymer, 
polyaniline (PANI) was demonstrated to be advantageous in 
preparation of TiO2 composites, i.e., PANI-TiO2 (Turkten 
et al. 2021). In this respect, photocatalysis has been applied 
for the degradation of RfOM using solar light sensitive con-
ducting polymer photocatalyst specimens (Uyguner-Demirel 
et al. 2023; Turkten et al. 2023).

Depending on the variations of PANI ratios in PANI-
TiO2 composites, photocatalysts expressed considerable 

performance for the removal of humic matter as a model 
compound of RfOM. PANI-TiO2 and RfOM system dis-
played a plausible degradation mechanism based on both 
sensitization and synergy of counterparts upon solar irra-
diation. Humic matter was also considered as a compound 
responsible for catalyst deactivation during TiO2 photoca-
talysis due to adsorptive interactions resulting in surface 
blockage and thereby diminished the number of active sites 
(Aguiar and Siqueira 2022). However, in-dept visualization 
of humic matter revealed that such a modeling approach 
would not explain the role of multi molecular size of humic 
fractions. Therefore, humic molecular size distribution pat-
terns should be elucidated under photocatalytic conditions 
with specific interest on the type of photocatalyst used.

Photocatalytic treatment of various organic and inorganic 
substances as well as microbiological species have received 
wide attention since decades. Degradation of the parent 
substrates were often accompanied by investigation of the 
components of solution matrix even extending to toxicity of 
the products. However, in case of humic matter, degradation 
by-products would be actually “hidden humic sub-fractions” 
being transformed/reformed via non-selective oxidation 
mechanism. Consequently, assessment of the alterations 
in humic MSFrs by UV–vis and fluorescence spectroscopy 
would bring valuable information complementary to previ-
ous studies on the photocatalytic degradation of RfOM by 
using TiO2 and PANI-TiO2 composites (Turkten et al. 2023; 
Uyguner-Demirel et al. 2023). As described, humic acid 
should be considered as a consortium of diverse molecular 
size fractions each expressing different tendencies towards 
oxidation. Therefore, an in-dept study was designed to elu-
cidate the fate of humic molecular size fractions under solar 
irradiation initiated photocatalysis. UV–vis spectroscopic 
parameters of humic fractions were characterized by speci-
fied absorbances, i.e., Color436, UV365, UV280, and UV254, 
followed by absorbance quotients, i.e., A254/A436, A254/A365, 
and A253/A203, as well as dissolved organic carbon (DOC) 
content normalized specific UV–vis parameters details of 
which were presented elsewhere (Uyguner and Bekbolet 
2005a, b; Uyguner-Demirel et al. 2023). DOC normalized 
synchronous scan fluorescence parameters (FIsyn/DOC) and 
excitation-emission matrix (EEM) fluorescence patterns 
were also presented.

Methodology

Materials

Photocatalyst specimens: TiO2 P-25 was supplied from 
Evonik. PANI and PANI-TiO2 specimens were prepared 
according to procedure reported by Turkten and colleagues 
(Turkten et al. 2023). In PANI-TiO2 composites, the selected 



58337Environmental Science and Pollution Research (2024) 31:58335–58352	

mole ratios of aniline/TiO2 were 1:8, 1:4, 1:1, 4:1, and 8:1; 
hence, composites were denoted as PT-18, PT-14, PT-11, 
PT-41, and PT-81, respectively. Detailed information on the 
preparation methodology and physico-chemical properties 
of the photocatalyst specimens was presented in a previous 
study by Turkten and colleagues (Turkten et al. 2023).

Substrate: HA sodium salt as the model compound of 
RfOM was purchased from Aldrich (Sigma-Aldrich). A 
1000 mg/L stock solution of HA was prepared in deion-
ized/distilled water. Upon dilution to 50 mg/L HA solution, 
working solution RfOM as 100 kDa MSFr was obtained via 
ultrafiltration method by stirred cell ultrafiltration apparatus 
(Amicon 8050) with appropriate membrane filter cutoff.

Photocatalysis

Photocatalysis was performed using a Solar Simulator 
Atlas Suntest CPS + (Ref. 56,052,371) instrument equipped 
with an air-cooled Xenon lamp with emission wavelength 
range of 300–800 nm. Light intensity was determined by 
ferrioxalate actinometry as Io = 1.67 μE/min (Hatchard and 
Parker 1956). Irradiation period of 60 min was selected to 
achieve detectable UV–vis and fluorescence spectroscopic 
parameters avoiding extensive degradation extents (Turkten 
et al. 2023; Uyguner-Demirel et al. 2023). The photocatalyst 
dose was kept constant as 0.25 mg/mL. The experiments 
were performed at room temperature (25  °C ± 2) under 
non-adjusted neutral pH conditions. The stirring speed 
of the magnetic stirrer was set to 320 rpm to avoid vortex 
formation in the slurry.

Ultrafiltration

Following photocatalysis, dual filtration through 0.45-μm 
and 0.22-μm membrane filters was applied. Samples were 
further subjected to fractionation by sequential stage ultrafil-
tration through membranes with nominal molecular weight 
cutoffs as 100 kDa, 30 kDa, 10 kDa, and 3 kDa. Operat-
ing pressures were 1 kg/cm2 for 100-kDa, and 3 kg/cm2 for 
30-kDa, 10-kDa, and 3-kDa membrane filters. Separately 
collected filtrates were ascribed as 450 kDa, 220 kDa, 
100 kDa, 30 kDa, 10 kDa, and 3 kDa MSFrs, respectively. 
All ultrafiltration membranes were thoroughly cleaned 
before use with 0.05 M NaOH solution, 0.02 M HCl, and 
ultrapure water, successively (Uyguner and Bekbolet 2005b).

RfOM descriptive parameters

UV–vis absorbance spectral profiles were acquired on A 
Perkin Elmer Lambda 35 spectrophotometer using 1-cm 
quartz cuvettes in wavelength range of 200–600 nm. Speci-
fied UV–vis parameters were selected absorbance recordings 
at specific wavelengths of 436 nm, 365 nm, 280 nm, and 

254 nm and defined as Color436, UV365, UV280, and UV254, 
respectively. UV–vis absorbance quotients were absorbance 
ratios at selected wavelengths represented as A254/A436, 
A254/A365, and A253/A203. Specific UV absorbance (m−1L/
mg) defined as SUVA254 or SUVA280 was calculated by nor-
malization of UV254 or UV280 to respective DOC (mg org 
C/L) content of humic solution. DOC contents were deter-
mined by A Shimadzu Vwp Total Organic Carbon analyzer 
in nonpurgeable organic carbon mode calibrated by using 
potassium phthalate (range 0–25 mg/L). 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. 
Synchronous scan fluorescence spectra were acquired in the 
excitation wavelength range of 200–600 nm with Δλ = 18 nm 
between the excitation and emission monochromators. All 
synchronous scan fluorescence spectra were normalized 
to respective DOC contents (FIsyn/DOC) (Matthews et al. 
1996; Peuravuori et al. 2002). Excitation-emission matrix 
(EEM) fluorescence spectra were recorded by simultaneous 
incremental changes in both excitation (λexc: 200 to 500 nm) 
and emission wavelengths (λemis: 200 to 600 nm). Three-
dimensional EEM contour plots were derived from the data 
and modelled using MATLAB R2013a program. EEM fluo-
rescence features were elucidated by five regions that were 
ascribed as Region I: Aromatic Proteins I, tyrosine-like (λexc 
220–250 nm and λemis 280–332 nm), Region II: Aromatic 
Proteins II, tryptophan-like (λexc 220–250 nm and λemis 
332–380 nm), Region III: Fulvic-like (λexc 220–250 nm and 
λemis 380–580 nm), Region IV: Microbial byproducts (λexc 
250–470 nm and λemis 280–380 nm), and Region V: Humic-
like (λexc 250–470 nm and λemis 380–580 nm) (Sen-Kavur-
maci and Bekbolet 2014). For clarity purposes, a pictorial 
presentation of regional distribution of EEM fluorescence 
contour plots is illustrated in Supplementary Information 
part (Fig. S1).

Results and discussion

Molecular size distribution of RfOM 
following photocatalysis

Humic matter generally displays a wavelength-dependent, 
broad, and featureless spectrum as a consequence of 
underlying complex intramolecular cumulative interactions 
of various chromophores and fluorophores in its structure. 
Therefore, numerous UV–vis absorbance and fluorescence 
parameters were extensively used in elucidation of 
conformational as well as configurational variations in 
relation to molecular size fractions (Chen and Yu 2021; 
Trubetskoj et al. 2018; Uyguner and Bekbolet 2005a, b; 
Uyguner-Demirel and Bekbolet 2011).
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Upon photocatalysis, UV–vis-specified parameters 
revealed the presence of higher MSFrs, i.e., 450 kDa and 
220 kDa that could be explained by aggregation of lower 
molecular size fractions via weak interactions such as van 
der Waals, � − � , and CH-� as well as intra- or inter-molec-
ular interactions (Ni and Pignatello 2018; Šmejkalová and 
Piccolo 2008). Moreover, enhanced absorption in UV region 
could also be related to changes in the structure and/or con-
tents of chromophores, e.g., –OH, benzene rings substituted 
with –COOH, intramolecular electron donor acceptor com-
plexes, and other complex unsaturated conjugated chromo-
phores (Qi et al. 2004).

UV–vis spectroscopic properties

During the course of photocatalysis, MSFrs of RfOM were 
exposed to diverse degradation patterns. Since each MSFr 
was composed of similar overlapping structural units, the 
outcome could be expressed by the simultaneous removal of 
chromophores reflected as a decrease of absorbance or re-
formation of chromophores indicating an increase of absorb-
ance that would consequently effect UV–vis parameters.

Removal/Re-formation efficiencies (%) were calculated 
as follows:

where Abso and Absf denoted selected UV–vis parameters 
(Color436, UV365, UV280, and UV254) under initial and post-
photocatalytic conditions.

Basically, removal efficiency would be presented as a 
positive number since Abso would be greater than Absf, 
whereas re-formation efficiency could be represented by 
a negative number since Absf would be greater than Abso. 
Figure 1A–G was designed to emphasize the differences in 
removal and re-formation efficiencies of MSFrs.

PANI was shown to act as a p-type photocatalyst 
due to its high reducing potential and low band energy 
(Ekande and Kumar 2021). In the presence of bare PANI, 
MSFrs > 10 kDa were concomitantly removed by surface 
adsorption as well as by photocatalysis. The lowest MSFr 
as 3 kDa expressed a re-formation trend during photocataly-
sis where higher MSFrs were transformed to lower MSFrs. 
Moreover, this re-formation trend indicating enhanced 
absorption in the UV region may also be related to changes 
in the structure and/or contents of chromophores (Qi et al. 
2004). PANI displayed amphiphilic nature due to the pres-
ence of hydrophobic benzenoid and quinoid parts while the 
amine and imine groups could form hydrogen bonds with 
water molecules. The surfactant properties of both counter-
parts, i.e., PANI and MSFrs of RfOM could possibly interact 
with each other thereby facilitate adsorptive interactions. 
Since RfOM and PANI binary solution was filtered through 

Removal∕Re − formation efficiency = [(Abso − Absf)∕Abso] × 100

0.45 � m membrane filter prior to the application of sequen-
tial ultrafiltration, discrimination between these processes 
could not be verified. PANI was shown to be highly sus-
ceptible to humic adsorption; however, since then, no inter-
est was devoted to undermine the molecular size effects (Li 
et al. 2011; Wang et al. 2012; Zhang et al. 2010). During 
photocatalysis, PANI could provide extended surface area 
affecting the resultant conformational arrangements, thereby, 
altering the molecular size fractionation patterns of RfOM. 
PANI amount would be directly effective on formation of 
multiple conformations of different molecular size frac-
tions composed of both non-degraded-native and oxidized-
degraded organic moieties (Li et al. 2021). On the other 
hand, persistent free radical formation potentials revealed 
that low molecular weight fractions (MWF, < 3500, < 7000, 
and < 14,000 Da) could be assigned to oxygen-centered 
organic radicals while high MWF (> 14,000  Da) were 
assigned to carbon-centered organic radicals that were also 
related to formation of reactive oxygen species (ROS) (Shi 
et al. 2021; Uyguner-Demirel et al. 2023).

Upon TiO2 photocatalysis, removal efficiency pattern dis-
played a molecular size dependent decreasing profile except 
for 3 kDa MSFr (Uyguner-Demirel et al. 2022). Formation 
efficiency of lower molecular size fractions (< 3 kDa) was 
more pronounced for UV absorbing centers (UV254 and 
UV280) in comparison to color forming moieties (Color436). 
UV absorbing groups were related to dense aromatic and 
carboxylic electron centers rich in �-electron systems (e.g., 
phenolic arenes, benzoic acids, and polycyclic aromatic 
structures) whereas Color436 represented keto-enol systems 
and quinoid structures revealing absorption in the visible 
light region (Bekbolet and Kavurmaci 2015; Uyguner and 
Bekbolet 2005b). The adsorption of in situ oxidized HA was 
considered as the main reason forming surface complexes 
with TiO2, blocking the active sites of the photocatalyst 
and eventually decreasing the efficiency of photogenerated 
charge transfer during long adsorption process (Yang et al. 
2021).

Incorporation of PANI into TiO2 diverted the mech-
anism of photocatalysis/photocatalytic behavior from 
both PANI and TiO2 (Fig. 1A, B). Upon use of PT-11 
(Fig. 1C), a distinct discrimination was evident between 
color forming centers and UV absorbing centers for all 
MSFrs except for fractions less than 3 kDa. Re-formation 
of color forming (Color436) and UV absorbing (UV365) 
groups was more pronounced for all MSFrs along with 
successive removal of UV254 and UV280. On the other 
hand, < 3 kDa fraction displayed re-formation of lower 
molecular size fraction upon transformation of all molec-
ular size fractions. The effect of increasing PANI con-
tent in the composites, i.e., PT-41 and PT-81, resulted in 
removal of all UV–vis parameters (~ 60–70%) of MSFrs 
in an almost similar fashion from 450 to 10 kDa fractions 
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Fig. 1   A–G Removal/re-
formation efficiency pattern of 
the specified UV–vis param-
eters of MSFrs of RfOM upon 
photocatalysis using PANI (A), 
TiO2 (B), PT-11 (C), PT-41 (D), 
PT-81 (E), PT-14 (F), and 
PT-18 (G)

-100.00 -50.00 0.00 50.00 100.00

450 kDa

220 kDa

100 kDa

30 kDa

10 kDa

3 kDa

Removal/re-formation efficiency, %

M
o

le
cu

la
r 

si
ze

PANI, A Color436 UV365 UV280 UV254

-100.0 -50.0 0.0 50.0 100.0

450 kDa

220 kDa

100 kDa

30 kDa

10 kDa

3 kDa

Removal/re-formation efficiency, %

M
o

le
cu

la
r 

si
ze

TiO2, B
Color436 UV365 UV280 UV254

-100.0 -50.0 0.0 50.0 100.0

450 kDa

220 kDa

100 kDa

30 kDa

10 kDa

3 kDa

Removal/re-formation efficiency, % 

M
o

le
cu

la
r 

si
ze

PT-11, C
Color436 UV365 UV280 UV254

0.00 20.00 40.00 60.00 80.00 100.00

450 kDa

220 kDa

100 kDa

30 kDa

10 kDa

3 kDa

Removal/re-formation efficiency, %

M
o

le
cu

la
r 

si
ze

PT-41, D
Color436 UV365 UV280 UV254



58340	 Environmental Science and Pollution Research (2024) 31:58335–58352

(Fig. 1D, E). Noteworthy similarity in respective removal 
of molecular size fractions for both PT-41 and PT-81 
might indicate similar degradation pathway independent 
of PANI ratio in the composite. The most significant effect 
was observed for < 3 kDa fraction in a decreasing order 

of Color436 > UV365 > UV280 >  >  > UV254 (1.5%). This 
phenomenon could be related to the adsorptive interac-
tions dominating over photocatalysis upon irradiation. 
The role of filtration through 0.45-� m membrane filter 
should be encountered as the primary step of selective 
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removal prior to sequential ultrafiltration. It should also 
be noted that degradation kinetics of all UV–vis param-
eters revealed rate constants that were relatively lower 
for PT-41 and PT-81 in comparison to other composites 
(Uyguner-Demirel et al. 2023). Increasing TiO2 content of 
composites as PT-14 and PT-18 reflected almost similar 
tendencies to PT-41 and PT-81 with some discrepancies 
(Fig. 1F, G). The role of adsorption due to the presence of 
PANI would be suppressed by the extended light absorp-
tion capacity of TiO2 that would result in degradation of 
humic units irrespective of the molecular size. From this 
point of view, the diversity in molecular size fractiona-
tion profiles would mostly be related to prevailing non-
selective oxidation pathways. More significantly, a direct 
comparison of the profiles of PT-41 and PT-81 could pos-
sibly reveal the effect of the composite properties on lower 
MSFrs as < 3 kDa in a progressive manner.

Previous studies revealed the effect of PANI 
incorporation into TiO2 upon solar photocatalysis using 
RfOM as a substrate (Turkten et  al. 2023; Uyguner-
Demirel et al. 2023). Degradation of RfOM was followed 
by a gross parameter as DOC along with UV–vis and 
f luorescence spectroscopic features. Uyguner and 
colleagues reported that 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 
(Uyguner-Demirel et al. 2023). Considering that RfOM 
mainly consisted of diverse molecular size fractions each 
operating as single organic entities, the resultant effect 
could well be displayed by removal of higher MSFrs and 
re-formation of lower MSFrs via both transformation and 
self-removal pathways irrespective of the photocatalyts 
type.

Based on this information, presence of RfOM molecular 
size fractions as well as adsorbed RfOM-PANI onto TiO2 
could lead to conditions that could be considered as 
effective on degradation efficiencies. Due to effective p–n 
junction of the composites along with the photosensitizing 
properties of both PANI and RfOM, oxidative and 
reductive pathways could prevail resulting in variations in 
removal/re-formation efficiencies.

UV–vis spectroscopic quotients

An in-depth understanding of UV–vis absorbance spectra 
is mainly based on the ratios of the absorbance values 
measured at selected wavelengths to quantify the physio-
chemical characteristics of the interactions of MSFrs upon 
photocatalysis. Monotonously declining UV–vis spectral 
features could bring more specific information upon use 
of absorbance ratios defined as A254/A436, A254/A365, and 
A253/A203 quotients. From a general perspective, each 

photocatalyst specimen displayed the following decreas-
ing order of the selected absorbance quotients:

A254/A436:

A254/A365:

A253/A203:

A254/A436 quotient signified the relative change of UV-
absorbing centers with respect to color forming groups 
that are mostly composed of a heterogeneous mixture of 
aromatic and aliphatic fractions containing oxygen, nitro-
gen, and sulfur functional groups (e.g., phenolics, carbo-
hydrates, amino groups, and furfurals) (Chen et al. 2003; 
Uyguner et al. 2007). On the other hand, UV-absorbing 
centers are related to structural units mainly composed of 
aromatic rings and used a proxy of aromaticity as well as 
DOC. Hence, the quotient could also bring information 
on the degradation of the phenolic/quinoid core of humic 
matter to simpler carboxylic aromatic compounds. The 
increase of A254/A436 quotient for certain molecular size 
fractions could denote degradation of long-wavelength 
absorbing chromophores, including quinoid and semiqui-
noid arrangements, aromatic and/or heterocyclic zwitteri-
ons (e.g., aminochromes), and charge-transfer complexes 
(Michalska et al. 2023). However, observed trends were 
completely different upon use of different photocatalysts 
(Fig. 2). All samples exhibited lower values than the ini-
tial A254/A436 quotient value of 6.258 expressing simulta-
neous removal of all centers/groups. A254/A436 quotients 
of 450 kDa fractions were clustered upon photocatalysis 
excluding PANI and PT-18 specimens which strongly 

PANI ∶ 100 kDa > 450 kDa > 220 kDa > 30 kDa > 10 kDa > 3 kDa

TiO2 ∶ 450 kDa > 100 kDa > 10 kDa > 3 kDa > 30 kDa > 220 kDa

PT − 11 ∶ 220 kDa > 450 kDa > 100 kDa > 3 kDa ∼ 30 kDa > 10 kDa

PT − 41 ∶ 220 kDa > 450 kDa > 10 kDa > 30 kDa > 3 kDa > 100 kDa

PT − 81 ∶ 10 kDa > 3 kDa > 100 kDa > 30 kDa > 220 kDa > 450 kDa

PT − 14 ∶ 10 kDa > 220 kDa > 450 kDa > 30 kDa > 3 kDa > 100 kDa

PT − 18 ∶ 10 kDa > 220 kDa > 3 kDa > 100 kDa > 450 kDa > 30 kDa

PANI ∶ 100 kDa > 30 kDa > 220 kDa > 450 kDa > 10 kDa ∼ 3 kDa

TiO2 ∶ 450 kDa > 100 kDa > 220 kDa > 10 kDa > 3 kDa > 30 kDa

PT − 11 ∶ 30 kDa > 220 kDa > 3 kDa > 100 kDa > 10 kDa > 450 kDa

PT − 41 ∶ 10 kDa > 100 kDa > 3 kDa > 220 kDa > 30 kDa > 450 kDa

PT − 81 ∶ 3 kDa > 10 kDa > 100 kDa > 30 kDa > 220 kDa > 450 kDa

PT − 14 ∶ 10 kDa > 220 kDa > 30 kDa > 3 kDa > 450 kDa > 100 kDa

PT − 18 ∶ 10 kDa > 220 kDa > 3 kDa > 450 kDa > 100 kDa > 30 kDa

PANI ∶ 450 kDa > 220 kDa > 10 kDa > 3 kDa > 30 kDa > 100 kDa

TiO2 ∶ 30 kDa > 3 kDa > 10 kDa > 220 kDa > 450 kDa > 100 kDa

PT − 11 ∶ 450 kDa > 220 kDa > 100 kDa > 10 kDa > 30 kDa > 3 kDa

PT − 41 ∶ 450 kDa > 220 kDa > 30 kDa > 10 kDa > 3 kDa > 100 kDa

PT − 81 ∶ 450 kDa > 220 kDa > 100 kDa > 10 kDa > 30 kDa > 3 kDa

PT − 14 ∶ 450 kDa > 220 kDa > 100 kDa > 10 kDa > 30 kDa > 3 kDa

PT − 18 ∶ 3 kDa > 100 kDa > 450 kDa > 10 kDa > 220 kDa > 30 kDa
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indicated comparatively fast removal of the specified 
parameters. The lowest A254/A436 quotient was attained 
for 30 kDa MSFr upon use of PT-18 composite. The rea-
son could be attributed to surface properties of PT-18 for 
preferential degradation of 30 kDa MSFr. On the other 
hand, upon PT-14 photocatalysis, 10 kDa MSFr expressed 
comparatively higher A254/A436 quotient indicating re-for-
mation of the respective groups via oxidative/reductive 
mechanism.

A250/A365 (designated as E2/E3 in reference publications) 
quotient was demonstrated to be a useful tool to follow the 
size changes in natural organic matter (De Haan and De Boer 
1987; Peuravuori and Pihlaja 1997). Likewise, an increase 
in A254/A365 quotient was reported to indicate a decrease 
in average molecular weight and aromaticity of humic sub-
stances upon irradiation (Dahlén et al. 1996). The molecular 
weight dependence of A254/A365 quotient could be derived 
from an increased probability of electronic interactions 
between respective light absorbing centers in larger MSFrs. 
An inverse relationship was expected due to the stronger 
light absorption capacity of high MSFrs. However, upon 
solar irradiation, molecular weight and A254/A365 relation-
ship was demonstrated to follow a quasi-exponential func-
tion indicating that the quotient could well be regarded as a 
proxy of molecular weight estimation (Lou and Xie 2006). 
A254/A365 quotient was correlated with quantum yields of 
1O2 and CO photoproduction, the mechanism of which 
could also be expected to be effective during photocatalysis 
of RfOM MSFrs exposed to solar irradiation (Dalrymple 
et al. 2010). Free, non-reacted RfOM sub-fractions present 
in aqueous medium could also undergo direct photoreactions 
leading to formation of lower MSFrs.

A254/A365 quotients of all MSFrs were distinctly dif-
ferent from each other irrespective of the type of the 

photocatalyst specimen (Fig. 3). The lowest value was 
attained for 30 kDa fraction upon use of PT-18 composite 
while the highest was attained for 10 kDa MSFr upon use 
of PT-14 specimen. The reason could be attributed to the 
role of TiO2 ratio in the composites leading to better pho-
tocatalytic performance which could be expressed by the 
selected quotient.

As specific UV parameters, SUVA254 as well as SUVA280 
were associated with the levels of double bonds, chromo-
phoric groups and molecular size of humic sub-units were 
thereby used as a proxy for aromaticity (Weishaar et al. 
2003; Valencia et al. 2013). Since A254/A365 quotient was 
also regarded as an indicative parameter of aromaticity, a 
correlative approach was investigated between A254/A365 
quotient and SUVA280 parameter. All MSFrs expressed com-
paratively higher SUVA280 (> 6) indicating the dominance 
of aromatic character under all conditions (Supplemen-
tary Materials, Fig. S2-S8). A 100-kDa fraction of RfOM 
exhibited the lowest aromaticity (SUVA280) followed by a 
steady increase in lower molecular size fractions reaching 
almost the same initial SUVA280. Contrary to this trend, as 
molecular size decreased, almost no change in A254/A365 
was observed except for a 100-kDa fraction. Therefore, no 
distinct correlation could be visualized between proxies of 
aromaticity and molecular size of organic fractions upon use 
of bare PANI under solar irradiation. Due to the presence 
of amine and imine groups in PANI, the surface charge of 
the molecule would be positive in the pH range of 2–10 and 
attract anionic substrates, e.g., polyphenolic pollutants as 
well as humic matter via adsorptive interactions (Wang et al. 
2012, 2013; Goh et al. 2022). Hence, under solar radiation, 
PANI would definitely be facilitating adsorptive removal of 
humic fractions along with removal via photo-initiated reac-
tions (Uyguner-Demirel et al. 2023).

Fig. 2   Comparative presenta-
tion of A254/A436 quotient of 
RfOM upon photocatalysis 
using PANI, TiO2, PT-11, 
PT-41, PT-81, PT-14, and 
PT-18, respectively
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Upon TiO2 photocatalysis, 450 kDa MSFr expressed 
highest A254/A365 quotient, whereas SUVA280 remained 
almost constant irrespective of the molecular size. The 
reason could be attributed to the concomitant removal of 
UV280 absorbing aromatic centers (related to n-p* and p-p* 
transitions) along with DOC during TiO2 photocatalysis 
(Uyguner-Demirel and Bekbolet 2011). Moreover, minor 
fluctuations of A254/A365 could be related to the concur-
rent removal and re-formation of chromophores expressing 
absorbance in respective UV–vis region. Lower molecular 
weight fractions (< 30 kDa) displayed almost similar reactiv-
ity towards ROS attack resulting in removal of all UV–vis 
light sensitive region.

Upon use of PT-11, the role of PANI modification could 
be visualized through fluctuations in A254/A365 quotients. 
In general, SUVA280 being comparatively higher (~ 8) dis-
played the tendency of sole PANI photocatalysis. The most 
remarkable effect was observed in 100 kDa fraction being 
highly susceptible to degradation of UV280 absorbing cent-
ers contrary to the variations in A254/A365 quotient revealing 
the role of longer wavelength absorbing chromophoric cent-
ers. Increasing PANI percentage in PT composite as PT-41 
resulted in a steady increase in both aromaticity proxies for 
higher molecular size fractions up to 100 kDa fraction. A 
steady decrease of SUVA280 was attained for 30 kDa and 
10 kDa fractions followed by a slight increase in 3 kDa frac-
tion. A254/A365 displayed a similar pattern except for lower 
molecular size fractions < 30 kDa MSFr expressing the 
plausible role of surface characteristics due to the presence 
of PANI contributing to diverse interactions (Turkten et al. 
2023). Further increase in PANI percentage in PT composite 
as PT-81 expressed a consistently increasing trend of A254/
A365 quotient for all molecular size fractions contrary to the 

observed tendency of SUVA280. The effect of PANI could 
be visualized as dominating over TiO2 during photocatalysis 
(Uyguner-Demirel et al. 2023). Both parameters expressed 
opposite trends for higher MSFrs that could be related to 
in situ formation of 450 kDa and 220 kDa fractions. This 
also confirmed the comparatively lower rate constants 
reported upon use of PT-81composite (Uyguner-Demirel 
et al. 2023).

Increasing TiO2 percentage in PT composite as PT-14 
resulted in a steady increase in both aromaticity proxies for 
higher MSFrs (> 100 kDa) followed by a steady decreasing 
trend in SUVA280. A254/A365 quotient displayed a diverse 
pattern with respect to decreasing molecular size. Further 
increase in TiO2 percentage in PT composite as PT-18 
expressed a completely inconsistent trend revealing insig-
nificant correlation with molecular size.

A253/A203 quotient was also introduced as a useful tool 
for monitoring changes in humic matter upon various con-
ditions (Fig. 4). The absorption band at � = 253 nm was 
related to the electron-transfer band in aromatic dense 
centers, whereas absorption band at � = 203 nm signi-
fied the benzenoid bands due to vibrational perturbations 
in π-electron system. Concomitantly, A253/A203 quotient 
was described as an indicator of unsaturated /saturated 
fraction proportions in organic matrix related to the abun-
dance of substituted functional groups linked to aromatic 
structures (Korshin et al. 1997; Li et al. 2023a). Compara-
tively higher ratios are related to the aromatic rings that 
contain carbonyl, carboxyl, hydroxyl, and ester groups, 
whereas lower ratios are related to the aliphatic chains. 
Typical values of A253/A203 quotients were reported in 
between 0.25 and 0.35, whereas higher values above 
0.40 indicated the presence of aromatic rings substituted 

Fig. 3   Comparative presenta-
tion of A254/A365 quotient of 
RfOM upon photocatalysis 
using PANI, TiO2, PT-11, 
PT-41, PT-81, PT-14, and 
PT-18, respectively
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with carbonyl, carboxyl, and (especially) ester carboxylic 
groups (Scott 1964). Li and colleagues reported an inverse 
relationship between molecular size fractions and A253/
A203 quotients of Aldrich humic acid (Li et al. 2023a). 
This result was also in good agreement with size distri-
bution and bulk 253 nm/203 nm absorbance ratio data 
of humic acid adsorption on quartz sand, which showed 
the initial adsorption of low molecular weight aromatic 
moieties (Pitois et al. 2008). Uyguner-Demirel and col-
leagues reported a decreasing profile of A253/A203 quotient 
with decreasing MSFrs for HA and upon solar photolysis 
being more pronounced for lower MSFr (10 kDa) as well 
as upon Cu-doped TiO2 photocatalysis (Uyguner-Demirel 
et al. 2022).

RfOM as represented by HA exhibited an initial A253/A203 
quotient as 0.765. From a general perspective, all MSFrs fol-
lowed a decreasing profile irrespective of the photocatalyst 
specimen. The variations between quotients of A253/A203 
(0.35 to 0.70) were more evident for higher, i.e., 450 kDa 
and 220 kDa MSFrs expressing the role of re-formation via 
weak interactive forces (Šmejkalová and Piccolo 2008). 
Upon use of PANI or TiO2 specimen, 100 kDa MSFr dis-
played considerably a lower value of A253/A203 indicating 
the plausible formation of aliphatic groups. PT-11 specimen 
exerted a more pronounced effect on the structural changes 
as expressed by A253/A203 quotient (< 0.30) for the lower 
MSFrs (< 30 kDa). Lower MSFrs < 30 kDa exhibited quo-
tients in the range of 0.28–0.48 expressing the formation 
of hydroxylated groups. The role of PANI modification of 
TiO2 could not be visualized as exerting a consistent trend 
of A253/A203 quotient with respect to the decreasing profile 
of MSFr. Therefore, direct assessment of humic composition 
with respect to A253/A203 quotient would be inadequate. It 
should also be mentioned that the quotient A253/A203 was 

independent of the resulting DOC contents upon use of the 
selected photocatalyst specimens (Uyguner-Demirel et al. 
2023).

Fluorescence spectroscopic properties

Synchronous scan fluorescence properties

The completion of UV–vis spectrophotometric analyses of 
HS with an evaluation of fluorescence properties can pro-
vide broad information related to structure, conformation, 
and heterogeneity of organic matrix in relation to dynamic 
properties as a result of prevailing intramolecular and inter-
molecular interactions. Synchronous scan fluorescence spec-
tra of humic matter exhibited a principal absorption near �
emis ~ 475 to 480 nm (Miano et al. 1988; Uyguner and Bekbo-
let 2005b). In general, low molecular weight humic fractions 
expressed considerably higher fluorescence intensities than 
those of high molecular weight fractions. Higher fluores-
cence intensities at longer wavelengths were associated with 
the presence of carbonyl-containing substituents, hydroxyl, 
alkoxyl, and amino groups. Furthermore, humic sub-frac-
tions that exhibited fluorescence at longer wavelengths with 
low intensity could be the linearly condensed aromatic rings 
and other unsaturated bond systems capable of a high degree 
of conjugation (Richard et al. 2011; Peuravuori et al. 2002).

DOC normalized synchronous scan fluorescence spec-
tral features of RfOM MSFrs under post-photocatalytic 
conditions are illustrated in Fig. 5A–G. In general, dif-
ferences in FIsyn/DOC patterns of all MSFrs indicated 
non-selective mechanism of photocatalysis leading to the 
formation of fluorophores in shorter emission wavelengths 
excluding the region �emis > 400 nm. Fluorescence spectral 
features of all MSFrs expressed a hypsochromic (blue) 

Fig. 4   Comparative presenta-
tion of A253/A203 quotient of 
RfOM upon photocatalysis 
using PANI, TiO2, PT-11, 
PT-41, PT-81, PT-14, and 
PT-18, respectively
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Fig. 5   A–G DOC normalized 
synchronous scan fluores-
cence spectral features (FIsyn) 
of MSFrs of RfOM under 
post-photocatalytic condi-
tions upon use of PANI (A), 
TiO2 (B), PT-11 (C), PT-41 (D), 
PT-81 (E), PT-14 (F), and 
PT-18 (G)
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shift with intensities in reverse order of the molecular 
size. Initial 100 kDa MSFr of RfOM expressed a major 
peak around �emis ~ 475  nm with a shoulder around �
emis > 400 nm as previously reported by Uyguner and Bek-
bolet (Uyguner and Bekbolet 2005b).

Direct exposure of RfOM to solar irradiation in the pres-
ence of sole PANI reflected a hypsochromic shift expressing 
a considerably higher FIsyn of 3 kDa MSFr in 250 nm < �
emis < 400 nm. In this region, FIsyn/DOC of MSFrs followed 
a decreasing order as 3 kDa > 10 kDa > 30 kDa > 100 kDa 
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MSFr. The fluorophoric region around �emis ~ 350–400 nm 
was associated with highly conjugated aliphatic structures 
and polycyclic aromatics with three to four fused benzene 
rings. Moreover, fluorescence emission at longer wave-
lengths were ascribed to polycyclic aromatic structures with 
highly fused benzene rings.

TiO2 photocatalysis revealed a remarkable shift of fluo-
rophores to �emis < 400 nm expressing two major peaks at 
�emis ~ 280 nm and a broader peak at �emis < 380 nm irre-
spective of the molecular size. The formation of lower 
molecular size fractions through degradation of RFOM was 
evident as supported by UV–vis absorbance spectral fea-
tures (Fig. 1). The fluorescence fingerprints of 450 kDa and 
200 kDa MSFrs could be ascribed to the operational forma-
tion of higher molecular size fractions > 100 kDa. Follow-
ing photocatalytic treatment using PT-11, the synchronous 
scan fluorescence spectral features of RfOM displayed a 
more pronounced, fraction-dependent variation especially 
for 450 kDa and 220 kDa expressing aggregation behav-
ior (Baigorri et al. 2007a, b). High intensities could also 
be explained by unresolved overlapping behavior of fluo-
rophores. However, all lower MSFrs were distinguished by 
their low fluorescence intensities. Upon PT-41 photoca-
talysis, all MSFrs expressed distinctly different FIsyn/DOC 
profiles as discriminated by a broad emission area in the 
wavelength region of �emis 275–400 nm. The highest FIsyn/
DOC was attained for 3 kDa MSFr expressing the presence 
of dense fluorophoric groups at �emis ~ 300 nm. However, 
450 kDa MSFr of RfOM displayed a broader fluorophoric 
region being centered at �emis ~ 400 nm. Upon use of PT-81 
composite, a comparable profile to PT-41 was observed with 
relatively lower FIsyn/DOC of 3 kDa MSFr at �emis ~ 300 nm. 
Moreover, 450 kDa MSFr of RfOM displayed a broader 
fluorophoric region being centered at �emis ~ 400 nm. Fol-
lowing photocatalytic treatment using PT-14, synchronous 
scan fluorescence spectral features of RfOM displayed 
molecular size fraction dependent variations especially for 
450 kDa and 200 kDa MSFrs expressing aggregation behav-
ior as was attained for PT-11 photocatalysis. Upon photoca-
talysis, in the presence of PT-18 representing higher TiO2 
content, almost all fluorophores were completely removed 
except 3 kDa MSFr exhibiting FIsyn/DOC ~ 12 in 250 nm < �
emis < 400 nm region (Fig. 5A–G).

EEM fluorescence features

EEM fluorescence contour plots were evaluated using a sim-
ilar technique as described previously by Sen-Kavurmacı 
and Bekbolet (Kavurmaci and Bekbolet 2014). EEM contour 
plots are given in Supplementary Materials (Figs. S9–S16), 
and data compiled from regional speciation of EEM fluores-
cence spectral features are presented in Table 1. The strength 
of fluorescence intensity was indicated by a symbol ( +) with 

reference to the presented color intensity. EEM fluorescence 
features were elucidated by five regions that were ascribed 
as: 

Region I: Aromatic Proteins I, tyrosine-like (λexc 220–
250 nm and λemis 280–332 nm).
Region II: Aromatic Proteins II, tryptophan-like (λexc 
220–250 nm and λemis 332–380 nm).
Region III: Fulvic-like (λexc 220–250 nm and λemis 380–
580 nm).
Region IV: Microbial by-products (λexc 250–470 nm and 
λemis 280–380 nm).
Region V: Humic-like (λexc 250–470 nm and λemis 380–
580 nm).

PANI:

Region II dominated over Region I expressing the 
presence of both tyrosine-like and tryptophan-like 
aromatic proteins especially for higher MSFrs (> 10 kDa). 
The presence of fulvic-like fluorophoric groups (Region 
III) were evident for all MSFrs being more pronounced 
for lower MSFrs (< 10 kDa). Region IV could only be 
visualized for 10 kDa and 3 kDa MSFrs. Lower MSFrs 
displayed more humic-like fluorophoric region in 
comparison to higher MSFrs (> 30 kDa MSFr).

TiO2:

Both Region I (except 30 kDa MSFr) and Region II were 
evident for all MSFrs indicating the contribution of both 
tyrosine-like and tryptophan-like aromatic proteins. 
The presence of fulvic-like fluorophoric groups were 
more pronounced than humic-like fluorophores. Minor 
peaks indicate the presence of Region IV that could be 
visualized for all MSFrs.

PT-11:

Both Region I and Region II were present for all MSFrs. 
The presence of fluorophoric region related to trypto-
phan-like aromatic proteins was more pronounced for 
higher MSFrs as 450 kDa and 220 kDa. Region III was 
slightly present in lower MSFrs, i.e., 10 kDa and 3 kDa, 
whereas Region V could not be visualized indicating that 
humic-like fluorophoric region was not detected. Region 
IV was slightly evident for 3 kDa MSFr.

PT-41:

Region I was slightly apparent for all MSFrs along with 
Region II which exhibited comparatively higher inten-
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sity for 3 kDa MSFr. Fulvic-like fluorophores of Region 
III were also slightly present contrary to lack of Regions 
IV and V. Lowest MSDr as 3 kDa expressed all regions 
except minor presence of Region V.

PT-14:

Regions I and II representing aromatic proteins were 
clearly present for all MSFrs. The presence of Region 
III was more pronounced in comparison to Region V 
indicating the foremost occurrence of fulvic-like compo-
nents with respect to humic-like fluorophoric groups. All 
MSFrs were entirely lacking Region IV.

Table 1   Regional speciation of 
the EEM fluorescence spectral 
features of RfOM upon use of 
the PANI, TiO2, and PANI-TiO2 
specimens

n.o. not observed

Specimen Molecular size fractions

PANI 450 kDa 220 kDa 100 kDa 30 kDa 10 kDa 3 kDa
Region I  +   +   +   +   +   + 
Region II  +  +  +   +  +  +   +  +  +   +  +  +   +  +   +  + 
Region III  +  +  +  +  +   +  +  +  +   +  +  +  +   +  +  +  +   +  +  +  +  +  +   +  +  +  +  +  + 
Region IV n.o n.o n.o n.o  +   + 
Region V  +   +   +   +  +   +  +  +   +  +  +  + 
TiO2 450 kDa 220 kDa 100 kDa 30 kDa 10 kDa 3 kDa
Region I  +  +  +   +  +   +  +   +   +  +  +   +  +  + 
Region II  +  +  +  +  +   +  +  +   +  +  +  +  +   +  +  +  +  +   +  +  +  +  +   +  +  +  +  + 
Region III  +  +  +  +  +  +   +  +  +  +  +  +   +  +  +  +  +  +   +  +  +  +  +  +   +  +  +  +  +  +   +  +  +  +  +  + 
Region IV  +  n.o  +   +   +   + 
Region V  +  +  +   +  +  +   +  +  +   +  +  +  +   +  +  +  +  +  +   +  +  +  +  +  + 
PT-11 450 kDa 220 kDa 100 kDa 30 kDa 10 kDa 3 kDa
Region I  +  +   +  +   +  +   +  +   +  +  +   +  + 
Region II  +  +  +  +   +  +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
Region III n.o n.o n.o n.o  +   + 
Region IV n.o n.o n.o n.o n.o  + 
Region V n.o n.o n.o n.o n.o n.o
PT-41 450 kDa 220 kDa 100 kDa 30 kDa 10 kDa 3 kDa
Region I  +  +   +   +   +   +   + 
Region II  +  +   +  +   +  +   +  +   +  +   +  +  + 
Region III  +   +   +   +   +   + 
Region IV n.o n.o n.o n.o n.o  + 
Region V n.o n.o n.o n.o n.o n.o
PT-81 450 kDa 220 kDa 100 kDa 30 kDa 10 kDa 3 kDa
Region I  +   +   +   +   +   + 
Region II  +  +   +  +   +  +   +  +   +  +   +  +  + 
Region III  +   +   +  +   +  +   +  +   +  + 
Region IV n.o n.o n.o n.o n.o  + 
Region V n.o n.o n.o n.o n.o n.o
PT-14 450 kDa 220 kDa 100 kDa 30 kDa 10 kDa 3 kDa
Region I  +  +  +   +  +  +   +  +   +  +   +  +   +  + 
Region II  +  +  +  +   +  +  +   +  +  +  +   +  +  +  +   +  +  +  +   +  +  +  + 
Region III  +  +  +  +  +   +  +  +  +  +   +  +  +  +  +   +  +  +  +  +   +  +  +  +   +  +  +  + 
Region IV n.o n.o n.o n.o n.o  + 
Region V  +  +   +  +   +  +   +  +   +  +   +  + 
PT-18 450 kDa 220 kDa 100 kDa 30 kDa 10 kDa 3 kDa
Region I  +   +   +   +   +   +  +  + 
Region II  +  +  +  +   +  +   +  +  +   +  +  +   +  +  +   +  +  + 
Region III  +  +  +   +  +  +   +  +  +   +  +  +   +  +  +   +  +  + 
Region IV n.o n.o n.o n.o  +   + 
Region V  +  +   +  +   +  +   +  +  +   +  +  +   +  +  + 
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PT-18:

The presence of Region II indicating the existence of 
tryptophan-like aromatic proteins was more pronounced 
in comparison to tyrosine-like aromatic proteins for all 
MSFrs. Moreover, 3 kDa MSFr expressed more signifi-
cant amount of tryrosine-like aromatic proteins whereas 
450 kDa MSFr primarily expressed the presence tryp-
tophane-like aromatic proteins. Fulvic-like fluorophores 
were more evident in lower MSFrs < 30 kDa.

From a general perspective, RfOM was devoid of any 
Regions as I, II, and IV and mainly composed of Region 
III and Region V representing fulvic-like and humic-like 
fluorophoric centers, respectively (Sen-Kavurmaci and 
Bekbolet 2014). Upon photocatalysis, the presence of 
Region I and Region II could be associated with an oxi-
dation mechanism prevailing through peptide linkages. 
The most significant formation was observed upon use 
of TiO2 followed by TiO2 enriched TiO2-PANI compos-
ites as PT-14 and PT-18 whereas PT-11 also expressed a 
similar pathway resulting in a slight formation tendency 
in lower MSFrs as < 10 kDa.

Although formation of lower MSFrs was expected via 
TiO2 photocatalysis, presence of in situ formed MSFRs of 
450 kDa and 220 kDa still expressed all Regions except 
Region IV. The minor presence of Region IV designated 
the existence of biomolecules as microbial by-products 
that could be related to the formation of quinone-quinoid 
structures which is more pronounced upon TiO2 photo-
catalysis. It should also be noted that upon Cu-doped 
TiO2 and Fe-doped TiO2 photocatalysis, mainly fulvic-
like and humic-like fluorophoric regions of RfOM were 
evidently observed in contrary to the other Regions I, 
II, and IV (Birben et al. 2017; Turkten et al. 2019). The 
role of PANI could well be elucidated by the respective 
ratio in PANI-TiO2 composites. Increasing PANI content 
resulted in the persistent presence of all Regions along 
in accordance with the degradation kinetics (Uyguner-
Demirel et al. 2023).

Conclusion

This study was conducted to further investigate the com-
plex and competitive reactions between humic molecular 
size fractions, TiO2, and PANI under photocatalytic condi-
tions with specific interest on the type of photocatalyst used. 
It could also be considered as a complementary part of the 
previously published findings related to (i) preparation and 

characterization of PANI-TiO2 composites and (ii) photo-
catalytic activity assessment of the prepared composites by 
using RfOM as a model of complex organic matter.

Different tendencies of the diverse MSFr of RfOM 
towards oxidation were assessed by UV–vis and fluorescence 
spectroscopic parameters in relation to previous studies on 
the photocatalytic degradation of RfOM by using TiO2 and 
PANI-TiO2 composites. As confirmed by the investigated 
parameters, formation of 450 kDa and 220 kDa MSFrs was 
evident under all conditions indicating in situ formation of 
higher MSFrs via photocatalysis. Omni presence of 3 kDa 
MSFr signified the recalcitrant characteristics of the lower 
molecular size fraction. The dual role of PANI mainly acting 
as a sensitizer and extending the utilization of visible light 
in PANI-TiO2 composites was proven to be highly effective 
on molecular size distribution of humic matter.

Absorbance-based removal efficiencies under initial 
and post-photocatalytic conditions indicated a re-for-
mation trend during photocatalysis in the presence of 
PANI and TiO2, where higher MSFrs were transformed 
to lower MSFrs that was notable for < 3 kDa fraction. 
A254/A365 quotient and SUVA280 parameter could not be 
correlated in the presence of PANI-TiO2 composites in 
comparison to sole TiO2 and sole PANI. The effect of 
increasing PANI content in the composites resulted in 
removal of all UV–vis parameters (~ 60–70%) of MSFrs 
in an almost similar trend from 450- to 10-kDa fractions. 
Moreover, synchronous scan fluorescence profiles of all 
MSFrs indicated a hypsochromic shift irrespective of 
the photocatalyst specimen. A detailed 3D presentation 
of fluorescence as EEM contour plots revealed sample-
specific variations being more pronounced in terms of 
the emergence of tyrosine- and tryptophan-like aromatic 
proteins. EEM contour plots emphasized the ratio depend-
ency role of PANI on modification of TiO2.

PANI-TiO2 composite was proven as an efficient 
photocatalyst even for the degradation of RfOM acting 
as a competitor to PANI as well as expressing refrac-
tory properties. The study evaluated the applicability 
of selected spectroscopic parameters as surrogates to 
determine the characteristics of MSFrs of RfOM upon 
solar photocatalysis. The presented results suggested 
index applications for rapid and appropriate assessment 
of RFOM MSFrs. Completion of UV–vis spectropho-
tometric analyses with an assessment of fluorescence 
capacities of RFOM can provide broader information on 
the changes of their structure. This could be relevant for 
quality and safety of water resources into which humic 
matter are occasionally discharged unless being removed 
during treatment processes.
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