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Mechanistic investigation of the photocatalytic
activity of PEDOT for aqueous contaminant
removal: the role of iron and hydroxyl radicalst

Tahereh Jasemizad, @2 Jenny Malmstrom @ °° and Lokesh P. Padhye @ *@

In this study, the conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) was successfully
polymerised through electrochemical (E-PEDOT) and chemical oxidative (C-PEDOT) polymerisation
techniques. The photocatalytic reaction mechanism of PEDOT in removing aqueous contaminants,
including hexazinone and methylene blue, was investigated with and without the use of Fe(i). An increase
in iron concentration during PEDOT irradiation resulted in enhanced degradation of the contaminants.
Moreover, E-PEDOT showed up to ~90% removal of contaminants by a combination of adsorption and
photocatalysis effects. Hydroxyl radicals played a critical role in the photocatalytic degradation of
contaminants using PEDOT, in the presence and absence of iron. This mechanism was proved through
coumarin degradation. When evaluating reusability, E-PEDOT showed a decrease in its adsorption
behaviour but a consistent photocatalytic activity. Finally, it was revealed that the addition of iron externally
or during chemical polymerisation could boost PEDOT performance. Therefore, it is worth considering the
implementation of the UV/Fe(n)/PEDOT system, exhibiting remarkable efficacy in eliminating organic
contaminants from aqueous solutions.

The study demonstrates the effective removal of an emerging contaminant in water by PEDOT under environmentally relevant conditions, both in

the absence and presence of iron, and details the underlying reaction mechanisms. The findings will help the water community focus on iron, an inexpensive and
effective photocatalyst, individually and in combination with PEDOT, for larger-scale environmental applications over wide wavelengths of light.

1. Introduction

semiconductor, charge carriers (electrons (e7) and holes (h"))
are generated upon light absorption.”'! The e~ can be

A wide range of processes has been proposed for removing or
degrading emerging contaminants from water and
wastewater." > Advanced oxidation processes (AOPs) are
widely studied because they are fast, clean, and effective for
decontaminating polluted water.® UV irradiation, in
combination with oxidants or catalysts, as a subset of AOPs,
has been considered an effective and practical method to
degrade organic compounds in the aquatic environment.””®
Catalysts play a significant role in environmentally
friendly and cost-effective processes." In photocatalysis by a
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excited from the valence band (VB) to the conduction band
(CB) by photons. The charge carriers are involved in redox
reactions, forming highly reactive oxidative species.'*'* This
technique has attracted great interest in the past few years
due to its low operation cost and high efficiency in
contaminant remediation.’®* Recently, the development of
novel photocatalysts that can effectively remove contaminants
from water and wastewater has drawn environmental
researchers’ attention. Moreover, it is necessary to
immobilise the photocatalyst to avoid separation difficulties
downstream of the treatment."”

Conducting polymer (CP)-based photocatalysts, with their
suitable physicochemical characteristics, low cost, room
temperature operation, and ease of synthesis, have the
potential  to tackle the problem of  water
decontamination."'® A low bandgap makes CPs absorb a
wide range of wavelengths and thus excellent
photocatalysts."" Poly(3,4-ethylenedioxythiophene) (PEDOT) is

This journal is © The Royal Society of Chemistry 2024
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one of the most promising CPs, with a narrow bandgap (E =
1.69 eV), which has previously revealed excellent
photocatalytic performance towards organic contaminant
degradation.'™"” PEDOT can be synthesised through different
methods, including chemical and electrochemical
polymerisation.®*®

Iron, naturally abundant, inexpensive, and non-toxic, has
been extensively studied for its catalytic role in decomposing
peroxides, thereby enhancing the degradation of organic
contaminants in water through the formation of reactive
species.”® In the aquatic environment, Fe(m) and Fe(m) are
two of the most prevalent metal ions.>’ It has been
demonstrated that the presence of dissolved Fe(u) species
accelerates the photodegradation of organic compounds in
an aqueous solution.”* This phenomenon can be explained
in two ways: (1) Fe(m) absorbs light in a wide range of
spectrum; (2) the photoredox process resulting from the
excitation of Fe(m) in an aqueous solution leads to an
increase in the concentration of Fe(u) and hydroxyl radicals
(OH).>*** "OH can rapidly react with many organic
compounds, leading to their efficient degradation.*
Furthermore, it is reported that a small amount of iron in
the matrix of polymers can significantly enhance the
polymer's photocatalytic activity.”* According to Gogoi et al.,
using FeCl; as the oxidant during pyrrole polymerisation
resulted in residual o-Fe,Oz in the polypyrrole matrix. The
presence of a-Fe,O; nanoparticles in polypyrrole dramatically
enhanced the polymer's photocatalytic activity under visible
light."

Fe(m) is used in the chemical polymerisation of PEDOT,"
and hence it is important to understand its role contribution
towards photocatalytic degradation of contaminants using
PEDOT. Herein, the photocatalytic efficiency of PEDOT and
iron, individually and in combination, towards the
photodegradation of organic pollutants was systematically
investigated. Hexazinone, an emerging contaminant resistant
to photolysis, and methylene blue, a model dye, were selected
as target contaminants.>® The study provides a mechanistic
understanding of the photocatalytic ability of PEDOT and
distinguishes it from the iron effect.

2. Experimental
2.1. Chemical reagents

Hexazinone and methylene blue (MB) were purchased from
Sigma-Aldrich, New Zealand. Acetonitrile (ACN) and methanol
(MeOH) (Sigma-Aldrich, New Zealand) were of HPLC/MS grade
(99.9% purity). Iron(m) chloride hexahydrate (FeCl;-6H,0),
3,4-ethylenedioxythiophene (EDOT, 97%), lithium perchlorate
(LiClO,), o-phenanthroline, hydroxylamine, sodium acetate,
sodium hydroxide (NaOH) (98%, pellets) and hydrochloric
acid (HCI) were obtained from Sigma-Aldrich, New Zealand.
Coumarin and 7-hydroxycoumarin (98%, from Sigma-Aldrich)
were used for the identification of ‘OH. Carbon fibre (CF)
(ELAT Hydrophilic) was purchased from the Fuel Cell Store
(New Zealand). Ultrapure water was obtained from a
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Millipore Milli-Q® water system (resistivity 18.2 MQ cm). All
other chemicals used in this study were of analytical grade
and commercially available.

2.2. Electrodeposition of PEDOT on CF cloth (E-PEDOT)

For the electrochemical polymerisation of PEDOT,”” EDOT
was used as a monomer in the polymerisation process in a
three-electrode set-up (Gamry). Silver/silver chloride (Ag/AgCl)
and stainless-steel were used as a reference electrode (RE)
and a counter electrode (CE), respectively. The working
electrode (WE) was a carbon fibre cloth that was cut into
pieces and cleaned in ACN solution for 15 min in a sonicator
(Elma S 100 Elmasonic, bio-strategy). Thereafter, 0.05 M of
EDOT monomer was dissolved in 0.1 M LiClO, electrolyte
solution (ACN), which was purged with N, for 15 min.*® The
polymerisation was conducted in chronoamperometry mode
with an applied potential of 1.1 V vs. Ag/AgCl for 30 min. A
roughly homogenous electrode coating was obtained on both
sides of the WE (Scheme 1; step 1). After the reaction,
E-PEDOT was characterised to confirm the completion of the
reaction, and the immobilised E-PEDOT was washed several
times with ethanol and Milli-Q water and dried under
ambient conditions. Then, the E-PEDOT electrode was cut
into 15 mm X 5 mm size pieces prior to photocatalysis
experiments.

2.3. Chemical oxidative polymerisation of PEDOT (C-PEDOT)

C-PEDOT in powder form and immobilised on electrospun
fibre mat was also tested to compare its photocatalytic
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Scheme 1 The polymerisation of E-PEDOT and C-PEDOT for
photocatalysis experiments.
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activities with E-PEDOT. The method for the preparation of
the electrospun fibre mat and the chemical polymerisation of
PEDOT has been previously reported."” Briefly, for the
preparation of C-PEDOT powder, 500 mg EDOT was added to
10 mL of FeCl; solution (1.5 M). The solution was stirred for
20 min and kept in an oven at 50 °C for 24 h. Next, the
solution was filtered to collect the black PEDOT powder,
which was washed several times with Milli-Q water and
MeOH to eliminate any remaining salt. Our attempts to coat
C-PEDOT on carbon fiber were unsuccessful, as we could not
get good PEDOT retention on it. However, the electrospun
fiber mat showed good coating of PEDOT. For the
preparation of C-PEDOT on the electrospun fiber mat, the
strips (5 cm x 13 ¢cm) were soaked in 10 mM EDOT monomer
solution in MeOH for 24 h. After drying at room temperature,
the dried EDOT-soaked mat was placed in 1.5 M aqueous
FeCl; in an oven (60 °C) for 3 h, followed by rinsing with
MeOH to wash away extra salt. The PEDOT coating process
was repeated one more time (Scheme 1; step 2). Then, the
immobilized C-PEDOT was cut into small 40 mm x 25 mm
strips for photocatalytic experiments. Similar sizes of
immobilized E-PEDOT and C-PEDOT were initially tested to
compare the results.

2.4. Characterisation

E-PEDOT was characterised wusing a Fourier-transform
infrared spectrometer (FT-IR INVENIO®, Bruker, Germany)
with a scanning wavenumber from 600 cm™* to 4500 cm ™', a
Raman spectrometer (Raman, LabRAM HR Evolution,
HORIBA Scientific, Japan) with 532 nm laser excitation and a
scanning range of 900 cm ' to 2000 cm™', and a field
emission scanning electron microscope (SEM, FEI Quanta
200 F, USA) attached to an energy-dispersive X-ray
spectroscope (EDS) detector.

2.5. Photocatalysis experiments

Stock solutions of hexazinone (1 mM), MB (1 mM), coumarin
(1000 mg L™ or 6.8 mM), 7-hydroxycoumarin (10 mg L™ or
0.062 mM), and FeCl; (1 M) were prepared in Milli-Q water
and stored in amber glass bottles in the fridge (4 °C) until
use. A 10 mL reaction solution containing 5 pM hexazinone,
16 uM MB, or 0.42 uM coumarin with and without PEDOT
strips and iron was used for experiments. All batch
experiments were carried out at room temperature (25 °C).
Most of the experiments were performed at pH ~6.5 to have
a similar condition as the real-world samples except for the
effect of pH experiments in which pH was adjusted using 0.1
M NaOH and HCl and measured with a pH meter (HACH,
HQA40d). In this study, only the effect of initial pH was tested.
Each experiment was carried out in duplicate except for pH
and adsorption/desorption experiments, which were
performed in triplicate. Error bars in all the graphs illustrate
the maximum and minimum measurements for replicates.
All the irradiation experiments were carried out in a UV
chamber (Opsytec Dr. Grobel, Germany) equipped with eight
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15 W low-pressure lamps (Philips Co., Japan) that emit light
primarily at 254 nm (UVC), 313 nm (UVB), and 352 nm
(UVA). The intensity of each lamp was measured by
radiometric sensors. The highest light intensity for UVC,
UVB, UVA, and visible (daylight) is determined to be
approximately 20, 16.80, 13.60, and 8 mW cm >, respectively.
For photocatalysis experiments, E-PEDOT and C-PEDOT were
dipped in the contaminant solution (10 mL) just prior to the
irradiation (Scheme 1; step 3). In addition, adsorption
experiments were carried out under conditions similar to
photocatalysis but in the absence of light. To understand the
role of iron alone and together with PEDOT, various
concentrations of FeCl; were added to MB and hexazinone
solutions under different wavelengths and in the absence of
light (adsorption). Finally, the samples were taken at
predetermined intervals of time to be analysed for the
residual concentrations of hexazinone and MB. The
adsorption/photodegradation (%) was calculated according to
the following formula:

Co-

C
Adsorption/Photodegradation (%) = x100 (1)

0

where C, and C are the initial and residual concentrations of
contaminants, respectively.

2.6. Analytical methods

The quantification of aqueous hexazinone, coumarin and
7-hydroxycoumarin ~ was  performed through liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
(Shimadzu, Japan), using a 150 pL aliquot of sample. The
separation was done on a 2.1 mm x 100 mm, 3.5 um, Eclipse
Plus C18, Agilent column. The details of LC-MS/MS
conditions were described previously*>*® (Text S11). MB was
quantified through a UV-vis spectrophotometer (UV-2700,
Shimadzu) using a photometric method at 664 nm.
Microwave plasma atomic emission spectrometer (MP-AES,
Agilent Technologies 4210) was used to measure the residual
amount of iron in samples. Total iron and Fe(u)
concentrations were measured through the o-phenanthroline
spectrophotometry ~ method.””*®  o-Phenanthroline  can
specifically and rapidly react with Fe(u) and form a stable
orange complex with the maximum absorbance at 4 = 510
nm. Fe(m) was then calculated by taking the difference
between the total iron and Fe(u).

3. Results and discussion
3.1. Role of iron without PEDOT

The effect of Fe(u) was tested on the degradation of
hexazinone and MB under different irradiation sources. The
control experiments were performed in the presence of iron
in the dark and in the absence of iron under irradiation. Very
low degradation, <10% for MB (Fig. 1A-D) and <5% for
hexazinone (Fig. 1F-I), was observed after 1 h of irradiation
with all types of lights in the absence of iron at near-neutral

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Effect of 0.05 mM Fe(n) on the photodegradation of MB exposed to UVA (A), UVB (B), UVC (C), and visible (D) lights. Effect of 0.5 mM Fe on
MB photodegradation under all types of light sources (E). Effect of Fe in the presence and absence of MeOH on the photodegradation of
hexazinone exposed to UVA (F), UVB (G), UVC (H), and visible (I) lights. Coumarin removal under UVC in the presence of 0.05 mM FeClz (J)
(experimental conditions: [MB], = 15.6 uM, [hexazinonelg = 5 uM, [Fe(i)]lo = 0.05 and 0.5 mM, [MeOH], = 0.5 mM, pH ~6.5).
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pH, while no degradation was observed in the presence of
iron in the dark.

On average, 37% degradation of MB was observed after 5
min exposure to UVA, UVB, and UVC irradiation in the
presence of 0.05 mM Fe(u) with only a slight increase in
degradation from 5 to 60 min (Fig. 1A-C). On the other hand,
MB degradation rate under visible light irradiation and 0.05
mM Fe(m) was less than 10% (Fig. 1D). In the presence of a
higher concentration (0.5 mM) of Fe(m), >95% degradation
of MB was observed at 5 min under all types of irradiation
sources except for visible light. However, the degradation
enhanced from ~20% to 81% under visible light by
increasing the reaction time from 5 to 60 min (Fig. 1E).

It is known that "OH can be generated through a simple
photochemical reaction between Fe(m) and water according
to the following equation:***° Note that this is different from
the photo-Fenton reaction which involves hydrogen peroxide.

Fe(11) + H,0 2 Fe(1) + H' + ‘OH @)

To verify the role of ‘OH, hexazinone photodegradation
was investigated in the presence of 0.05 mM Fe(m) using
methanol, a well-known 'OH scavenger.’’ The results are
displayed in Fig. 1F-I. Hexazinone photodecomposition was
>90% under UVA, UVB, and UVC after 5 min reaction time
(Fig. 1F-H). Moreover, it increased from about 16% to 24%
under visible light illumination by increasing the reaction
time from 5 to 60 min (Fig. 1I). The photodecomposition
was completely inhibited by 0.5 mM methanol under all
irradiation sources, verifying the important role of ‘OH in
the photodegradation of the contaminant. A similar result
was observed for the photodegradation of MB in the
presence of MeOH (Fig. S11). Moreover, since coumarin has
been previously used as a probe for its effective reaction
with "OH to form umbelliferone,'* the removal of coumarin
and the formation of its by-product, 7-hydroxycoumarin,
investigated at different times to prove ‘OH
generation.”> Coumarin degradation under UVC in the
presence of 0.05 mM FeCl; enhanced from about 25% to
100% by increasing the time from 2 to 60 min (Fig. 1J).
The formation of 7-hydroxycoumarin in very low
concentrations was detected only under UV irradiation but
not in the dark.

Only a few studies have investigated the photodegradation
of contaminants from aqueous solutions using ferric salts
without using other oxidants such as H,0,.>**%%%?* The
degradation of tetracycline under UV irradiation in the
presence of FeCl; showed the maximum degradation rate at
20 uM Fe(m), which corresponded to a 1:1 molar ratio of
tetracycline to Fe(m).>”

In the current study, different concentrations of Fe(ur)
were used for the degradation of 5 uM hexazinone to
understand the influence of varying ratios of Fe(m):
contaminant (Fig. 2A). However, the results demonstrated
only 7% photodegradation with a 1:1 molar ratio of

were
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Fig. 2 (A) Effect of different ratios of Fe(n):hexazinone on the
photodegradation of hexazinone with hexazinone degradation kinetics
in the presence of different Fe(n):hexazinone ratios (experimental
conditions: [hexazinone]p = 5 pM, pH ~6.5, exposure time = 5 to 30
min, UVC intensity = 20 mW cm ), k is the degradation rate constant.
Effect of time on the conversion of Fe(i) to Fe(n) in (B) Milli-Q water
and (C) hexazinone solutions (experimental conditions: [hexazinonelg
=5 uM, [Fe(ll)]lo = 0.074 mM, Fe(n) : hexazinone ratio ~15:1, pH ~6.5,
UVC intensity = 20 mW cm™). Data are presented as the average of
formed Fe(n) (%) * standard deviation (N = 2).

Fe(m): hexazinone. Hexazinone degradation increased from
about 4% to 100% by increasing the molar ratio of Fe(m):
hexazinone from 1:5 to 10. As can be seen from Fig. 2A,
an increase in the rate constants of hexazinone
photodegradation was observed by increasing Fe(im)
concentration. This increase can be due to the formation
of a higher amount of ‘OH in the system. To calculate
the degradation rate constant (k (h™)), a pseudo-first-order
kinetic model was wused (eqn (3)) with regression
coefficient (R*) >0.89 and the results for different ratios
of Fe(ur):hexazinone are shown in Fig. 2A.

This journal is © The Royal Society of Chemistry 2024
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0

where C, is the initial concentration of contaminants and
C is the concentration after degradation at time ¢ (h). kops
is the pseudo-first-order reaction rate constant (h™).

The results of our study and most of the literature suggest
that using ferric salts alone under visible light or UV
irradiation can be an efficient technique for the degradation
of organic contaminants and should be further researched.

To investigate the conversion of Fe(m) to Fe(u), the
experiments were conducted in the dark and under
irradiation, in the presence and absence of hexazinone at
near-neutral pH. Fig. 2B and C show the percentage of Fe(n)
formed from 0.074 mM Fe(m) in the presence and absence of
5 uM hexazinone in the dark and under irradiation. The
concentration of Fe(m) (0.074 mM) was chosen for the
complete degradation of hexazinone. The results showed that
Fe()% was very low in the dark while it was higher under
irradiation (Fig. 2B and C), confirming a reduction of Fe(i)
to Fe(n) under UVC irradiation. In addition, similar results
were observed for samples with and without hexazinone,
demonstrating that Fe(n) formation was not affected by the
presence of hexazinone in the aqueous solution.

Similar to these results, the photodegradation of
tetraacetylethylenediamine®® and diuron®® in the presence of
Fe(m) showed a higher formation of Fe(n) under 365 nm
irradiation than in the dark. These studies also found that by
the addition of "OH scavengers, the degradation of the
contaminants was inhibited, but there was still a rise in the
formation of Fe(un) over time. This could explain the critical
role of 'OH in the photodegradation of these organic
compounds.

Moreover, in the present study, the continuous increase of
Fe()% over time resulted only in a slight increase in the
contaminants’ photodegradation (Fig. 1), which is probably
due to the reaction of excess Fe(u) with ‘OH, leading to a
decrease of available "OH for the contaminants.>”** To prove
this scavenging effect of Fe(u), De Laat et al. added different
Fe(u) concentrations (0-100 puM) into the Fe(m) (20 pM)/UV
system and found a decrease in the oxidation rate of atrazine
with an increase in Fe(n) concentration.®® It indicates that
only "OH is responsible for the degradation of hexazinone
and MB in the Fe(u)/UV system. Brand et al. also found that
the concentration of Fe(u) reached a plateau after about 4 h
irradiation, confirming the oxidation of Fe(u) into Fe(um).*
However, the plateau in Fe(u1)% was not observed in the
present study as experiments were no longer than 1 h of UV
exposure.

On the other hand, Yao et al assumed that the
photodegradation of tetracycline under UV irradiation was
initiated by the generation of Fe(m)-tetracycline complexes,
after which ligand to metal charge transfer resulted in the
oxidation of tetracycline and the reduction of Fe(m) to Fe(u).
Subsequently, Fe(n) could be oxidised to Fe(m) by dissolved
0,.” In the present study, the formation of the hexazinone-

This journal is © The Royal Society of Chemistry 2024
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Fe(m) complex seems unlikely because the results showed
similar Fe(u)% for the solutions with and without hexazinone
(Fig. 2B and C). In summary, OH radicals, produced in the
Fe(ur)/UV system, are the only reactive species involved in the
degradation of hexazinone. However, Fe(u) formed from Fe(in)
reduction under irradiation, which increases over time, can
react with 'OH and hence reduce its efficiency at higher
reaction times. The quantum yield of 'OH in the UV/Fe
system under 254 nm at pH 6 has been reported to be
0.0046.%°

3.2. Effect of PEDOT

Considering the use of iron as an oxidant during the
chemical polymerisation of CPs and its role in "'OH formation
under irradiation, the use of iron may lead to a
misinterpretation of the polymers' photocatalytic activities
due to the formation of more ‘OH. Therefore, in this study,
the photocatalytic activity of E-PEDOT, polymerised without
the use of iron, was compared to that of C-PEDOT,
polymerised with iron.

3.2.1. Effect of E-PEDOT

3.2.1.1. Characterisation of E-PEDOT. E-PEDOT was
deposited on the surface of CF cloth through electrochemical
polymerisation in the chronoamperometry mode (Fig. S2Af).
The polymerisation potential of 1.1 V was determined by the
polymerisation in cyclic voltammetry (CV) mode (Fig. S2Bt).
Moreover, the polymerisation potential of 1.1 V in the
chronoamperometry mode was chosen based on the CV
results.

The characterisation results of bare CF cloth and E-PEDOT
are shown in Fig. 3. As can be seen from Fig. 3A and B, the
FT-IR spectra of controls, LiClO, and EDOT on CF are
identical to that of bare CF cloth. In addition, the FT-IR
spectra of the coated E-PEDOT were similar before and after
irradiation (Fig. 3C). For E-PEDOT coated on carbon fibre,
the bands at 1513 and 1321 cm ' are attributed to the
asymmetric stretching mode of carbon-carbon double bonds
(C=C) and the interring stretching mode of C-C,
respectively. The bands at 1191, 1137, and 1047 cm™" are
assigned to C-O-C bond stretching in ethylenedioxy. The
bands at 972, 914, 821, and 682 cm ' can be the
characteristic bands of C-S-C bond stretching in the
thiophene ring.'™*”*® The Raman spectra for the bare CF
represent mainly two bands at 1353 and 1589 cm %
(Fig. 3D). The Raman spectra of E-PEDOT before and after
irradiation are similar (Fig. 3E and F). The band located at
993 cm™ is due to the deformation of the oxyethylene ring.
The bands around 1123 and 1275 cm™ can be attributed to
C-0-C deformation and Co-Co' inter-ring stretching,
respectively. The bands at 1370, 1448 and 1509 cm ™" can be
assigned to the CB-Cp’, Ca-Cp (-O) and asymmetric Co-Cp
stretching, respectively.""*® The SEM images of bare CF cloth
before and after coating with E-PEDOT are shown in
Fig. 3G and H, respectively. As can be seen from the figures,
the CF cloth coated with E-PEDOT shows a rough surface on
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the fibre. These characterisation methods confirm the
successful immobilisation of E-PEDOT on the surface of CF
cloth.

3.2.1.2. Adsorption and desorption of contaminants on E-
PEDOT. Prior to photocatalytic experiments in the presence of
E-PEDOT, adsorption (24 h) and desorption (24 h) studies
were performed with 5 uM hexazinone at pH ~6.5 in the
dark. Although the control experiments showed negligible
adsorption properties for CF cloth, about 63% mass of
hexazinone was adsorbed onto E-PEDOT after 24 h
adsorption. Subsequently, ~20% mass of hexazinone was
desorbed from PEDOT into fresh Milli-Q water in 24 h. Due
to the insignificant desorption, the sample was sonicated for
2 h; however, still, only an additional 7% mass of hexazinone
was desorbed into the solution (Fig. 4). Similar experiments
were carried out for 15.6 uM MB, and similar results were
observed (Fig. S31). This low desorption can be due to a
strong adsorption bonding between the pollutants and
PEDOT, which makes adsorption on E-PEDOT relatively
irreversible.

3.2.1.3. Effect of pH on photocatalytic activity of E-PEDOT.
To investigate the performance of E-PEDOT, the PEDOT
strips were first dipped into a 5 uM hexazinone solution at
different pH values. The control experiments showed similar
results for CF/UV and UV alone, demonstrating no
photocatalytic activity for the CF cloth (Fig. S471). The role of
initial pH is critical in the degradation of organic
compounds. It can determine the compound dissociation
(e.g., the ionic form of a compound might be favourable for
degradation in some cases). In addition, surface interaction
can be influenced by pH, which depends on the point of zero
charge of the material. For example, catalyst charge may
promote the adsorption of contaminants, leading to their
decomposition at the surface of the catalyst, where h" and/or
reactive oxygenated species are generated.'’ For pH
experiments, adsorption in the dark was first carried out for
3 h to evaluate the adsorption performance of the E-PEDOT

strips. Thereafter, hexazinone photodegradation in the
—o— Mass (%) in water ~—a&— Mass (%) on strip
100 . . Lo
Adsorption Desorption Sonication
0 # T T T T T "
0 10 20 30 40 50 60

Time (h)

Fig. 4 Adsorption and desorption of hexazinone on E-PEDOT
(experimental conditions: [hexazinone]o = 5 uM, pH ~6.5); data are
presented as the average of mass (%) adsorbed or desorbed + standard
deviation (N = 2).
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presence of E-PEDOT under UVC irradiation with 20 mW
cm™? intensity was performed. E-PEDOT adsorption efficiency
was also monitored under identical conditions but in the

This journal is © The Royal Society of Chemistry 2024
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dark. The results for hexazinone removal (%) and pseudo-
first-order kinetic models at different pHs are demonstrated
in Fig. 5A-C. Moreover, hexazinone degradation rate
constants (k (h™)) at different pHs (Fig. 5D) were calculated
using a pseudo-first-order kinetic model (eqn (3)) with
regression coefficient (R*) >0.9 (Fig. 5A-C).

As shown in Fig. 5A-C, approximately 35% adsorption
occurred in the first 3 h and reached about 53% after another
3 h in the dark at all different pHs. Hexazinone
photodegradation in the absence of photocatalyst (UV alone)
(k ~0.2 h™) was favoured under acidic pH, and therefore
higher degradation of hexazinone was observed under this
condition in the UV/E-PEDOT system (k = 0.59 h™") (Fig. 5D).
The differences in photodegradation between semi-neutral
and basic pHs in the UV alone and the UV/E-PEDOT systems
were insignificant. Although hexazinone photodegradation in
the absence of E-PEDOT was very low (<10% after 3 h
irradiation) under semi-neutral and basic pH, hexazinone
photocatalytic degradation in the presence of E-PEDOT
increased from 35% to about 75% after 3 h irradiation (k
~0.32 h™). Hence, approximately 35% (pH 3) and 22% (pH
6.5 and 10) degradation of hexazinone can be considered as a
photocatalytic activity of E-PEDOT after 3 h exposure time.

According to Weerakoon et al. (2023), the pH-dependent
photolysis of a compound under UV probably arises from two
factors: type and intensity of UV and molar absorption
coefficient of the organic contaminant.** Since the UV type
and intensity was same, the higher degradation of
hexazinone at acidic pH (Fig. 5A) can be attributed to
combination of hexazinone being in neutral form and higher
quantum yield. It is reported that in their neutral state,
molecules exhibit strong light absorption and heightened
photochemical reactivity, leading to enhanced removal
efficiency.® The control experiments for the effect of UV on
the adsorption properties of E-PEDOT were conducted
through 3 h irradiation of E-PEDOT strips in Milli-Q water. It
was followed by dipping those strips in 10 mL hexazinone
solution (5 uM) for different reaction times in the dark. No
change was observed in the adsorption behaviour of
E-PEDOT. The effect of initial pH on the photocatalytic
performance of some PEDOT-based photocatalysts has been
previously reported.'****

The combination of adsorption and photocatalysis of
contaminants makes E-PEDOT highly effective.
Semiconductor photocatalysts with heterogeneous nature are
capable of adsorbing contaminants on their surface. Hence,
adsorption can be involved with photocatalytic degradation.
Although photocatalytic degradation is usually the dominant
mechanism, the percentage of the effectiveness of these
mechanisms depends on the composites applied for
photocatalyst preparation.”*>*® In the present study, the
adsorption, with 53% removal efficiency, was dominant,
while the photocatalytic activity of E-PEDOT played a
secondary role, with about 22% removal after 6 h at semi-
neutral pH (Fig. 5B). The adsorption of aromatic compounds,
such as hexazinone and MB, generally depends on n-n bond
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interactions between their aromatic rings and the surface of
the adsorbent, in this case, E-PEDOT.***”

3.2.1.4. Effect of 'OH scavenger on E-PEDOT efficiency.
Photocatalysis involves the formation of charge carriers (e”
and h') and their catalytic reactions. A good photocatalytic
performance is highly related to the effective separation of
photoexcited e /h* pairs produced after the excitation of
photocatalysts."”” Due to the involvement of many reactive
species in the photocatalytic oxidation process, it is useful to
examine the effect of scavengers on the photocatalytic
degradation of contaminants to elucidate the involved
reactive mechanisms.*®

In this study, the effect of MeOH as ‘OH scavenger on
E-PEDOT efficiency for degradation of hexazinone was
investigated owing to the critical role of this radical
(Fig. 6A and B). The adsorption experiments were conducted
for 3 h in the dark followed by photocatalytic degradation
under irradiation for up to 3 h. The degradation rate of
hexazinone (k = 0.32 h™") was hindered in the presence of 0.5
mM MeOH (k = 0.14 h™"), highlighting the role of "OH
involved in the photodegradation in the presence of
E-PEDOT. Similar results were observed using MB (data not
shown). Since the photodegradation results in the UV/
PEDOT/MeOH system (k = 0.14 h™') were similar to that in
the Dark/PEDOT system (k = 0.12 h™"), it confirms the
important role of ‘'OH in the UV/PEDOT system.

The effect of different scavengers on PEDOT photocatalytic

activity has been investigated and reported in the
—8—Dark/PEDOT —4—UV/PEDOT —e—UV/PEDOT/MeOH
03
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Fig. 6 (A) Hexazinone removal (%) and kinetics in the presence of

MeOH; (B) effect of MeOH on photodegradation rate of hexazinone
(experimental conditions: [hexazinonelp = 5 uM, [MeOH], = 0.5 mM,
pH ~6.5, UVC intensity = 20 mW cm™).
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Scheme 2 Schematic illustration of photocatalysis mechanism by
E-PEDOT. The e can be excited from VB to CB by the irradiation of
PEDOT. The contaminants can be degraded through the subsequent
oxidation and the formation of ‘OH.

literature.">”*? These studies suggested the important role

of charge carriers (¢~ and h*) and radicals ('OH and 0,7) in
the photocatalytic mechanism of PEDOT. In the present
study, we hypothesised that PEDOT irradiation produces e
and h'. Later, 'OH, responsible for the contaminant
photodegradation, can be generated via a series of redox
reactions (Scheme 2).

3.2.1.5. Reusability of E-PEDOT. The reusability and
stability of photocatalysts should be considered for their
practical applications. Hence, in this study, the adsorption
and photocatalytic activity of E-PEDOT were evaluated
towards hexazinone removal after repeated use in 4 cycles.
The experiments were carried out for 3 h in the dark (Dark
1st 3 h) followed by 3 h UV irradiation. The control
experiments were also continued for another 3 h in the dark
(Dark 2nd 3 h) to differentiate between the adsorption and
photocatalytic activity of the catalyst. As depicted in Fig. 7,
there was a decrease in E-PEDOT adsorption efficiency from
cycle 1 to cycle 4 during the initial 3 h in the dark. Although
hexazinone adsorption decreased further during the
subsequent 3 h, it revealed lower adsorption compared to the
first 3 h in cycles 3 and 4. This can be attributed to the
saturation of the E-PEDOT surface by hexazinone molecules
in cycles 3 and 4, which may lead to hexazinone desorption
and result in a higher concentration of hexazinone in the
solution.

100 1

BDark 1st3 h EDark 2nd 3h OUV3h

80

Hexazinone removal (%)

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Fig. 7 The reusability of E-PEDOT for hexazinone removal in the dark
and under UV irradiation (experimental conditions: [hexazinone]p, = 5
uM, pH ~6.5, UVC intensity = 20 mW cm™).
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It has been reported that UV exposure can induce
structural changes in PEDOT, leading to its instability and
consequently lower photocatalytic activity."' However, in this
study, the photocatalytic efficiency of E-PEDOT for
hexazinone degradation remained relatively consistent
(ranging from 21% to 26%) through each cycle. It should be
noted that two different E-PEDOT strips were used to account
for any differences between the photocatalytic activity and
adsorption properties of E-PEDOT after 6 h. In addition, the
FTIR and Raman characterisation results showed no change
in E-PEDOT before and after irradiation (Fig. 3B, C, E, and F).
Several studies reported good reusability of conducting
polymers-based photocatalysts with minimal loss of
reactivity.”*>"

3.2.2. Effect of C-PEDOT. Chemical polymerisation of
C-PEDOT using FeCl; as an oxidant makes it impossible to
test its photocatalytic activity without the use of iron. In this
study, C-PEDOT was used in powder form and immobilised
on the electrospun fibre mat. The chacterisation of both
C-PEDOT forms has been detailed elsewhere."" Hexazinone
removal by these C-PEDOT samples is shown in Fig. 8. The
immobilised C-PEDOT showed about 75% hexazinone
degradation under 72 J cm > UVC irradiation. We believe this
degradation (%) can be due to the photocatalytic activity of
not only the immobilised C-PEDOT but also Fe(um). The
results of iron concentrations in the solutions indicated that
a higher concentration of iron was leached into the solution
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Fig. 8 Hexazinone removal (%) in the presence of (A) immobilised

C-PEDOT and (B) C-PEDOT powder (experimental conditions:

[hexazinonely = 5 uM, C-PEDOT powder dosage = 0.5 g L™ pH ~6.5,

UVC intensity = 20 mW cm™).
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under irradiation (15.5 + 0.14 uM) compared to that in the
dark condition (5.4 + 1.2 uM).

E-PEDOT with a similar size to immobilised C-PEDOT was
also evaluated. The results revealed a significant adsorption
of hexazinone (~95%), which makes it difficult to distinguish
its photocatalytic effect (Fig. S5t). Meanwhile the adsorption
capacity of the immobilised C-PEDOT was only 18%.
Moreover, C-PEDOT powder demonstrated complete
hexazinone degradation after 30 min of irradiation and 37%
hexazinone removal in the dark after 1 h. Similar to the
immobilised C-PEDOT, a higher concentration of iron (88
puM) was leached into the solution under irradiation than that
in the dark (54 uM), although the immobilised C-PEDOT and
C-PEDOT powder were thoroughly washed several times (>2
h) with MeOH to eliminate the salt. The higher amount of
leached iron from C-PEDOT powder can be attributed to the
structure of PEDOT, which can trap a higher amount of iron
in the powder form. Hence, the potential leaching of iron
should be taken into account when preparing photocatalysts
using an iron source as an oxidant and/or dopant. In this
study, the effect of leaching iron was tested by irradiating
C-PEDOT powder in Milli-Q water at different contact times,
followed by filtration of the solution to remove C-PEDOT.
Hexazinone was added to the filtered solution and the
solution was exposed to UV irradiation. As shown in Fig. 8B,
the iron leached from C-PEDOT showed a significant
contribution to the photocatalytic degradation of hexazinone.
It is important to note that in Fig. 8B, the leached iron data
still depict the percentage removal of hexazinone in a
solution where C-PEDOT powder was irradiated in Milli-Q
water for varying durations, followed by filtration to eliminate
the C-PEDOT. Thus, it was only the leached iron in the
solution from C-PEDOT which was present for the
photocatalytic experiment. Subsequently, hexazinone was
introduced into this filtered solution and exposed to UV
irradiation.

Furthermore, to compare the photocatalytic effect of
powdered C-PEDOT and E-PEDOT, the amount of E-PEDOT
coated on the surface of CF (0.015 g) was compared with the
amount of C-PEDOT powder (0.005 g) used for the
experiments. The results demonstrated a significant
superiority of the photocatalytic effect of C-PEDOT powder
(Fig. 8B) over that of E-PEDOT (Fig. 5B), despite C-PEDOT
powder being only one-third the amount of E-PEDOT. This
difference could be attributed to the presence of iron in the
powdered C-PEDOT. The use of iron can result in a higher
photodegradation rate of contaminants due to the formation
of additional 'OH. It is also recommended to measure iron
concentrations in aqueous solutions after photocatalysis
using C-PEDOT.

3.3. Combination effect of Fe(m) and PEDOT

To understand the role of iron in the photocatalytic
degradation efficiency of PEDOT, the experiments were
carried out using two different methods. First, Fe(u) was
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under irradiation (experimental conditions: [hexazinone]l, = 5 uM,
[Fe(m)]lo = 0.005 and 0.015 mM, pH ~6.5, irradiation time = 60 min,
UVC intensity = 20 mW cm™); (B) coumarin removal in the dark and
under irradiation in the presence of E-PEDOT and 0.05 mM FeCls.

added to the hexazinone solution in the presence of
E-PEDOT at pH ~6.5. For these experiments, the samples
containing two different concentrations of iron were kept in
the dark for 3 h (Fig. 9A and S6%). The control experiments
showed that the addition of Fe(m) had no effect on
hexazinone adsorption onto E-PEDOT in the dark (Fig. S67).
Moreover, under irradiation, an additive effect on hexazinone
degradation was observed in the UV/E-PEDOT/Fe system,
demonstrating a combined effect of UV/E-PEDOT and UV/Fe
systems. Hence, enhanced degradation in the UV/E-PEDOT/
Fe process can be attributed to the presence of more reactive
species, in particular, ‘OH, produced separately from
E-PEDOT and Fe(m) under illumination. To prove the
formation of more ‘OH in the UV/E-PEDOT/Fe system, the
removal of coumarin was tested in the presence of E-PEDOT
alone and E-PEDOT in the presence of 0.05 mM FeCl;
(Fig. 9B). As shown, coumarin adsorption is similar in both
systems. However, its degradation is higher in the UV/E-
PEDOT/Fe system (78-100%) than in the UV/E-PEDOT system
(58-95%), proving the formation of a higher amount of ‘OH
in the UV/E-PEDOT/Fe system. The formation of
7-hydroxycoumarin with insignificant concentrations was
observed only under irradiation, which might be due to its
degradation after 5 min.*>

In this study, iron concentration after treatment was
measured by MP-AES and found to be the same as its initial
concentration in the solution. The conversion of Fe(m) to
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Fe(u) has also been investigated in the presence of E-PEDOT
(Fig. S7t). The concentration of Fe(ur) (0.074 mM) was chosen
for the complete degradation of hexazinone. Yang et al
stated the formation of e and h" by irradiation of
poly(EDOT-pyridazine-EDOT) polymer and Fe(m) in the
solution of contaminants followed by their conversion to
Fe(u) and Fe(v), which can finally form ‘OH and O, as well
as Fe(m).>* However, similar to the UV/Fe system (section 3.1
and Fig. 2B and C), the UV/E-PEDOT/Fe system also showed a
higher Fe(n)% under irradiation than in the dark. Similar
results were also observed in the presence and absence of
E-PEDOT and the contaminant.

In a separate experiment, E-PEDOT strips were dipped in
1 M FeCl; solution, washed by immersion in Milli-Q water
for 5, 10, 20, and 30 min to eliminate unbound salt, and then
used for experiments with Milli-Q water in the dark and
under irradiation for 3 h. After that, the residual iron was
measured in the solutions (Table 1). Similar to the previous
experiments, Fe(u) concentration was found to be higher
under irradiation. Moreover, the average residual
concentrations of iron under irradiation and in the dark were
18.04 and 8.25 uM, respectively (Table 1). The fact that a
higher amount of iron leached out of the strip under
irradiation than that in the dark can be due to the exposure
of E-PEDOT strips to the irradiation.

Several studies developed novel photocatalysts using ferric
salts for the degradation of organic contaminants from an
aqueous solution.'*'7#7>175% For example, Fe;0, introduction
into PEDOT/CdS heterojunction enhanced the transfer of
photoexcited electrons; thereby, the photocatalytic activity of
the magnetic imprinted PEDOT/CdS heterojunction was
greatly enhanced up to about 85%.>* In another study, the
synthesis of a photocatalyst using Fe,O, and PEDOT (Z-
scheme imprinted ZnFe,0,/Ag/PEDOT) via microwave
polymerisation technique and surface imprinting method
demonstrated ~72% degradation of tetracycline under 120
min simulated sunlight irradiation.”®> Yang et al also
highlighted the impact of Fe ions present in the matrix of
poly(EDOT-pyridazine-EDOT) polymer in improving the
polymer photocatalytic activity. In their study, an 8:1 ratio of
FeCl; to polymer displayed the highest photodegradation
efficiency (~95%) for methyl violet dye under visible
irradiation for 300 min. This phenomenon was explained by
narrowing the bandgap of the polymer by a small amount of
Fe and hence postponing the e/h" pair recombination,
beneficial for the photocatalytic performance of the

Table 1 The average concentrations of residual iron (uM) leached from
E-PEDOT strips dipped in 1 M Fe(in) into Milli-Q water solutions after 3 h

Fe(ur) concentration (uM)

Wash time

(min) UV irradiation Dark

5 21.24 + 0.45 10.74 + 0.26
10 19.83 + 0.29 9.43 + 0.55
20 17.87 + 3.33 7.83 £0.5
30 13.2 £ 0.34 5+ 0.52

This journal is © The Royal Society of Chemistry 2024
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polymer.>* Moreover, Poulopoulos et al. found that the
addition of Fe(m) could significantly enhance the removal of
total carbon in the UV/H,O, system, while the addition of
TiO, showed no further efficiency in the removal of total
carbon.”® In another study, the addition of Fe(m) was found
to increase the photocatalytic efficiency of TiO, by
transferring the holes to the TiO, surface and their reaction
with OH™ for the formation of ‘OH.>® Based on the literature
and the results of the present study, we can conclude that
the formation of 'OH from iron and PEDOT serves as the
main mechanism driving the enhanced degradation of
contaminants.

However, if iron ions are not immobilised, they may leach
into the solution. A new procedure of ion imprinting was
introduced to immobilise the iron ions on the surface of the
TiO,/fly-ash cenosphere catalyst, resulting in the efficient
mutual transformation between Fe(ur) and Fe(u). This method
increased the separation rate of e and h' in the cycling
system and, hence, improved the photocatalytic performance
of the catalyst.”” This method was tried for the
immobilisation of iron on the surface of E-PEDOT in this
study; however, leaching of iron was still observed. The
immobilisation of iron ions on the surface of E-PEDOT used
in this study is proposed as an efficient method for the
degradation of contaminants from water and wastewater. The
presence of iron assisted the UV/E-PEDOT system in
hexazinone degradation due to the formation of more ‘OH in
the solution. Compared to E-PEDOT in the absence of FeCl;
with about 53% adsorption of hexazinone, a decrease in the
adsorption behaviour (only 21.7% after 6 h) of E-PEDOT
dipped in FeCl; solution was observed (Fig. S8t). It is
hypothesised that this decrease can be due to the iron
trapped in the E-PEDOT strip and blocking the adsorption
sites on E-PEDOT, which makes it less available for
hexazinone adsorption. Insignificant adsorption behaviour of
chemically polymerised PEDOT has also been observed in the
literature."*® However, there was an increase in the
photocatalytic degradation of hexazinone (100%) that was
due to the presence of iron in the solution (Fig. S8%).
Furthermore, a higher amount of Fe(m) (0.06 mM) leached
into the solution under irradiation than in the dark (0.02
mM). Therefore, it can be concluded that iron addition, in
general, to the photocatalyst system can increase the
photocatalytic activity by producing OH radicals.

3.4. Photocatalytic degradation by-products of hexazinone
and MB

The irradiated samples of hexazinone and MB were analysed
by LC-MS/MS to determine their generated by-products in
the presence of E-PEDOT and iron separately, using the MS
full scan and spectra. The photocatalytic degradation of
hexazinone (20 uM) and MB (16 uM) was carried out under
6.5 mW cm UV intensity. The samples obtained after 2 min
and 60 min of the photocatalytic degradation at neutral pH
were analysed. The peak intensity of the parent molecules

This journal is © The Royal Society of Chemistry 2024
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Other by-products

Fig. 10 Hexazinone's possible photocatalytic degradation pathway
(adapted from Mei et al. (2012)%8).

decreased with increasing exposure time, implying their
degradation. The following M’ peaks of hexazinone
fragments were identified in the presence of E-PEDOT in the
MS/MS: mjz 223, 237, 239, 241, 255, and 267. These
intermediates were also identified in hexazinone
photodegradation in UV/H,0,” and UV/TiO,*® systems,
and in its electrochemical degradation with a Bi-
doped PbO, electrode.® The possible photocatalytic
degradation pathway of hexazinone in the presence of PEDOT
is expected to be similar to the pathway presented in these
studies (Fig. 10) due to the dominant role of "OH in the
degradation of hexazinone by E-PEDOT. Moreover, the
fragments of MB photocatalytic degradation at m/z 136 and
270 were identified in the presence of E-PEDOT and
confirmed with the literature.®® In the presence of 0.5 mM
FeCl; but without E-PEDOT, by-products with m/z 257, 260,
285, 288, 328, and 385 were detected by photodegradation of
hexazinone. Moreover, the degradation by-products of MB
with m/z 120, 140, 160, 166, 193, 195, 236, 238, 262, 286, 302,
316, and 330 were determined in the presence of iron.

4. Conclusions

Traditional photocatalysts, primarily effective under UV
irradiation, pose significant limitations for large-scale
treatment due to their high cost and impracticality in powder
form, resulting in separation difficulties downstream of the
treatment. However, a promising alternative lies in the
utilisation of CP-based photocatalysts, which are non-toxic,
cost-effective, and active under visible light, making them
superior choices for the degradation of organic contaminants
through photocatalysis. In this study, conducting polymer
PEDOT was used as a photocatalyst. The effect of PEDOT
separately and in combination with iron was studied. The
study results demonstrated that iron enhanced the
photochemical degradation of hexazinone and MB under
irradiation with visible and UV wavelengths. The use of ferric
salts under irradiation is suggested for the treatment of water
and wastewater as a cost-effective process for the degradation
and/or mineralisation of pollutants. Moreover, E-PEDOT
showed photocatalytic activity of its own and without iron.
The results of this study confirm the promising nature of the
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immobilised E-PEDOT in the photocatalytic degradation of
organic contaminants resistant to photolysis. The use of
methanol as an ‘OH quencher revealed the significant role of
‘OH in both scenarios. In addition, the role of ‘'OH in UV/Fe,
UV/E-PEDOT, and UV/E-PEDOT/Fe systems was proved by
coumarin degradation. The recyclability of E-PEDOT showed
a decrease in its adsorption properties, while its
photocatalytic activity remained consistent during the 5
cycles.

Furthermore, the role of iron on the contaminant removal
efficiency of PEDOT was investigated by performing the
experiments in two different ways. First, the external addition
of iron to the E-PEDOT system showed an increase in the
photodegradation of contaminants without any effect on the
adsorption properties of PEDOT. Second, dipping the
E-PEDOT strips in iron solution revealed an increase in the
photocatalytic activity of PEDOT that can be attributed to the
presence of Fe(u) leaching into the solution from PEDOT
strips. The results showed that even washing these strips
with ethanol and water several times, as suggested in the
literature, cannot completely eliminate the ferric chloride,
usually used as an oxidant and/or dopant, from the strip.
Iron showed an additive role in the photocatalytic activity of
E-PEDOT. Thus, for the first time, it was shown that
C-PEDOT photocatalytic efficiencies reported in the literature
have two components, and the roles of iron and pure PEDOT
were clearly distinguished.

Iron is frequently used for chemical polymerisation as an
oxidant, dopant, or transient metal and has never been
investigated prior to this study for its contribution to
photocatalysis by PEDOT. However, introducing free iron in
water at such a high concentration is not practical since iron
has a secondary MCL of 0.3 mg L™". Instead, immobilisation
on a suitable substrate, such as PEDOT, may be a more
effective and viable approach. Our results also indicate a
possible avenue to explore other cost-effective photocatalytic
materials involving iron. The findings of this study provide
valuable insights for future research in fine-tuning and
optimising the amount of iron within the matrix of PEDOT.
This optimisation yields highly promising photocatalysts for
water treatment, thereby facilitating green and sustainable
development. The immobilisation of iron on the surface of
conducting polymers such as PEDOT is recommended for
future study.
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