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This study investigated the preparation and detailed characterization of PANI (polyaniline)-TiO2-CuO composites
through in-situ chemical oxidation polymerization (PTCI) and mechano-chemical synthesis (PTCS) methods for
comparison. The morphological characteristics of ternary composites depend on the ratios of PANI to binary
TiO2-CuO composite and the process of preparation. The photocatalytic degradation of diazo Reactive Blue 198
(RB-198) in the presence of the PTCS-81 composite (PANI: TiO2-CuO composite with a mole ratio of 8:1, pre-
pared using PTCS method) reached 90.4 % within 60 min. Recyclability tests revealed that the composites are

stable, underscoring their potential as effective photocatalysts. The proposed degradation pathways of diazo RB-
198 dye were discussed both experimentally and theoretically for the first time. The reactivity descriptors
confirmed that the nitrogen atoms were favorably sensitive sites for radical attacks. Finally, the silico toxicity of
potential photodegraded products of RB-198 was assessed via the computational toxicology method ProTox-3.0.

1. Introduction

The expansion of the textile industry contributes significantly to
water pollution due to high-water consumption and the improper
discharge of dye materials into wastewater. Azo dyes are easy to syn-
thesize, have high fastness ratings, and exhibit good solubility proper-
ties, making them widely found in wastewater from textile
manufacturing. A pivotal global assessment is essential to minimize the
catastrophic impacts of textile wastewater on human health and aquatic
ecosystems, focusing on environmentally friendly treatment solutions.
Heterogeneous photocatalysis is a promising advanced oxidation pro-
cess for large-scale applications that effectively degrade azo dyes in
wastewater [1-4].

Recently, advances in photocatalysis have been significantly driven
by conducting polymer-based composites, particularly PANI [3,5].
Excellent environmental stability, low cost, and ease of preparation
make PANI a preferred choice in conducting polymers. The combination
of PANI with metal oxides is an efficient photocatalyst, featuring = and ¢
bond systems and synergistic properties that degrade dyes through
surface modification [6,7].

* Corresponding author.

So far, various metal oxides with distinct properties have been
incorporated into PANI to achieve PANI-based composites as photo-
catalysts. Among them, TiO, and ZnO are the primary metal oxides that
couple with PANI, standing out PANI-TiO, and PANI-ZnO composites,
which exhibit enhanced photocatalytic performance [5,8,9]. Compared
to these surface-modified composite strategies, the design of CuO and
CuO-TiO; component systems with PANI is a promising new candidate
in photocatalysis [10-15].

PANI-based composites are mainly synthesized via an in-situ chemi-
cal oxidation method. In this method, aniline (ANI) is chemically
oxidized in a strongly acidic medium with a free radical initiator
oxidant, such as ammonium peroxydisulfate. However, mechano-
chemical preparation is a cost-effective alternative process option in a
low pH medium to address the dissolution issue of CuO. Turkten et al.
prepared PANI-CuO composites using in-situ chemical oxidation poly-
merization and mechano-chemical methods for highly enhanced pho-
tocatalytic degradation of an anionic textile dye [10]. They reported that
the CuO amount in composites and synthesis route played a critical role
in the morphological, structural, optical, and surface features of
PANI-CuO composites. In another photocatalytic study, the catalytic
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activity of iron-doped PANI-CuO composites was tested on methylene
blue (MB) and Cr(VI) [12]. Photocatalytic degradation of MB dye was
investigated using boron-doped PANI-CuO composites, prepared by a
simple solution combustion method [13]. Lately, extensive research has
focused on preparing ternary PANI-based composites that reduce pho-
togenerated electron-hole recombination and demonstrate superior
photocatalytic performance [11,16,17]. Ternary PANI-CuO composites
such as chitosan/hydroxyethyl cellulose gel immobilized
PANI-CuO-ZnO hybrid nanocomposite [15] and chitosan-PANI-CuO
nanocomposite [14] were synthesized for photocatalytic degradation
of dyes.

Radicals are formed in photocatalysis to react with organic pollut-
ants to break them down into smaller, less harmful compounds. Analysis
of Fukui indices from density functional theory (DFT) indicates localized
reactive sites responsible for organic pollutants, and comprehending this
process helps explain experimental observations. Therefore, predicting
the photocatalytic degradation mechanism of organic pollutants is
crucial in integrated theoretical-experimental studies [18,19]. In this
approach, the photocatalytic degradation mechanism of pharmaceuti-
cals and dyes using various catalysts was proposed by combining
experimental and theoretical approaches [10,20,21]. The photocatalytic
mechanism of the antibiotic cefazolin [20] and the azo dye Reactive
Red-195 [21] was elucidated using a TiO, photocatalyst. Then, Turkten
et al. studied the polyaniline (PANI)-CuO composites for the predicted
degradation mechanism and pathways of anionic Reactive Orange-122
dye [10].

Numerous studies have been performed to design p-n-p type photo-
catalytic heterojunction structures by combining p-type (such as CuO,
Cuy0, etc.) with n-type (such as TiOg, ZnO, etc.) semiconductors and
subsequently introducing PANI (p-type) conducting polymer [11,16,
17]. Borik et al. prepared a TiO2-PANI-Cuy0 ternary nanocomposite,
and its photocatalytic performance was evaluated for the decomposition
of methyl orange under visible light irradiation [16]. In another study,
the photocatalytic property of p-n-p type CuO-ZnO-PANI nanocomposite
was evaluated by the degradation of 4-chlorophenol [17]. However,
there is only one experimental study reported on the preparation of
CuO-TiO2-PANI nanocomposite as a photocatalyst to investigate the
degradation of chlorpyrifos [11].

Considering the gap in p-n-p type photocatalytic performance,
combined experimental and theoretical investigations were conducted
for the first time on PANI-TiO2-CuO composite. To address the effects of
different molar ratios and preparation methods on the structural,
morphological, thermal, and surface properties of ternary PANI-TiO,-
CuO composites, a series of these composites was synthesized using in-
situ chemical oxidation polymerization and mechano-chemical routes.
For the first time, a theoretical and experimental proposal for the pho-
tocatalytic mechanism of Reactive Blue 198 (RB-198), assisted by hy-
droxyl radicals, was conducted. DFT-based reaction descriptors in the
form of Fukui functions were used to describe the predicted reaction
pathways RB-198, and theoretical findings were supported by experi-
mental spectral results and literature. It is essential to assess the toxicity
of predicted compounds in the field of water depollution of RB-198. In
this context, a silico toxicity analysis was conducted on the compounds
formed through the proposed degradation mechanism of RB-198 to
evaluate their toxicological impact, which is a significant aspect of this
study. Finally, the reusability and recycling properties of ternary PANI-
TiO,-CuO composites were investigated, then characterized with FTIR-
ATR -ATR (Fourier transform infrared spectroscopy equipped with an
attenuated total reflection accessory) and XRD (X-ray diffraction)
analysis.

2. Methodology
2.1. Materials

Copper (II) oxide (CuO, ACS, >99 %, Thermo Scientific), TiOq
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(Evonik, P-25), ANI (C¢HsNH,, for analysis, >99.5 %, Merck)), ammo-
nium persulfate (APS, (NH4)2S20g, ACS, >98.0 %, Merck), hydrochloric
acid (HCI, ACS, 37 0/0, Merck), and RB-l98(C41H30C14N14Na4014S, Bir-
kim Textile) were used as received without further purification. Poly-
aniline emeraldine salt (referred to as PANI) was prepared via in-situ
chemical oxidation polymerization method as described in our previous
study [8].

2.2. Binary TiO2-CuO composite

Binary TiO2-CuO composite was synthesized by a mechanical mixing
method with a minor modification [22]. In this cost-effective procedure,
TiO5 (1 g) and CuO (1 g) were mixed in ethanol (10 mL) in a mortar for
10 min, sonicated in an ultrasonic bath for 30 min, dried at 105 °C for 24
h, and calcined at 500 °C for 5 h.

2.3. Preparation of ternary PANI-TiO,-CuO composites

Ternary PANI-TiO2-CuO composites were prepared via the mechano-
chemical preparation method, referred to as PTCS-PANI composites, and
in-situ chemical oxidation polymerization method, referred to as PTCI-
PANI composites with a minor modification [10].

A mechano-chemical preparation method was adopted to prepare
three different stoichiometric amounts of PTCS-PANI composites from
synthesized PANI and binary TiO,-CuO composite (as detailed above).
The mole ratios of PANL:TiO2-CuO were 1:8, 1:1, and 8:1, and these
PTCS-PANI composites were labeled as PTCS-18, PTCS-11, and PTCS-
81, respectively. Briefly, an appropriate amount of p-type (PANI) and
n-p type (TiO-CuO) materials were added into a beaker, mixed in
distilled water (50 mL), and stirred continuously for 24 h. After that, the
mixture was filtered, washed with distilled water, and dried at 80 °C for
24 h.

The in-situ chemical oxidation polymerization method involves the
oxidative polymerization of aniline monomer using ammonium persul-
phate as the initiator along with acid dopants, preferably using an HCI
solution. The fact that CuO dissolves in acidic solutions has been ignored
in several studies. PTCI-PANI composites were synthesized with the
initial mole ratio of ANL:APS being 1:1 in all composites. The mole ratios
of ANI:TiO3-CuO were initially 1:8, 1:1, and 8:1, and these ternary
composites were named PTCI-18, PTCI-11, and PTCI-81, respectively.
The representative preparation of PTCI-11 was outlined as follows:
Initially, 5.71 g (25 mmol) of APS was evenly dispersed in a beaker
containing 80 mL of 1 M HCI solution (Solution A). This solution was
then carefully transferred into a dropping funnel. 2.0 g of binary TiO»-
CuO composite was added to 80 mL of 1 M HCI solution (Solution B),
followed by ultrasonication for 15 min. Subsequently, Solution B was
placed in an ice bath, and 2.33 g (25 mmol) of ANI was poured slowly
under continuous vigorous stirring. A dropwise addition of Solution A to
Solution B was performed by vigorous stirring, and the mixture was kept
under magnetic stirring for an additional 24 h at room temperature.
Finally, the product was filtered and washed with distilled water and
dried in an air oven at 80 °C for 24 h.

2.4. Photocatalyst characterization

FTIR-ATR spectra were observed using a Thermo Scientific Nicolet
6700 Spectrometer spanning a spectral range of 4000-500 em~ L. All
specimens were performed on 32 scans at a resolution of 4 cm™!. A
Rigaku-D/MAX-Ultima diffractometer was employed with Cu Ka radi-
ation beam (A = 1.54 i\) to conduct XRD analysis. The instrument
operational parameters were 40 kV, 40 mA, and a scanning rate of 2°
min~". The crystallite sizes of (D, nm) of binary TiO,-CuO composite and
ternary PANI-TiO,-CuO composites were calculated using the Scherrer
equation (Eq. (1)) related to (T 1 1)and (11 1) reflection planes of CuO
and (1 0 1) and (2 0 0) planes of anatase TiO2 [23].
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D =K4/(f cos ) (€)]

where,

K: 0.9,

J: X-ray wavelength (1.5418 A),

0: Bragg angle, and,

p: full width at half maximum intensity (FWHM, radians)

SEM analysis was carried out on a FEI-Philips XL30 Environmental
Scanning Electron Microscope. Brunauer—Emmett—Teller (BET) surface
property measurements were carried out on a Quantachrome Quad-
rosorb SI instrument. The specimens were degassed for 4 h before Ny
adsorption-desorption. Thermal profiles of photocatalysts were deter-
mined using a simultaneous TG (thermogravimetric)-DSC (differential
scanning calorimetry) instrument (PerkinElmer model STA 600) under
an inert pure Ny atmosphere. The flow rate was set to 20 mL/min with a
heating rate of 10 °C/min.

2.5. Photocatalytic activity experiments

The photocatalytic activity of binary TiO2-CuO composite and three
different ternary PTCS-PANI composites was evaluated by degrading
RB-198 dye solution (10 mg/L) over an exposure time interval (t =
0-120 min). Each photocatalyst (0.25 mg/L) in RB-198 solution (50 mL)
was excited from the top with a 125 W black light fluorescent lamp (Apmax
= 365 nm). The aqueous suspension under irradiation was collected at
certain intervals, filtered through a 0.22 pm membrane filter, and
monitored by UV-vis (Ultraviolet-visible spectroscopy) analysis. The
maximum wavelength of RB-198 was A = 625 nm, and the percent
removal of dye was presented as according to the equation:

Decolorization (%)= ((A, —A:) / A,) x 100 2)

where A, and A; are the absorbances of RB-198 at the initial and time ¢,
respectively.

2.6. Computational details

The Conceptual Density Functional Theory (CDFT)-based reactivity
descriptor calculations between RB-198 dye and photogenerated hy-
droxyl radicals were employed in the Gaussian09 package [24] applying
the B3LYP/6-31G(d) basis set [25,26]. Detailed information on the
computational approach is available in our previous study [10]. The
computational toxicity prediction of photodegraded products was
employed by a web-based virtual software, ProTox 3.0 platform (htt
ps://tox.charite.de/protox3/) [27]. Further details are presented in
the Supplementary Material (SM) in Part 1.

3. Results and discussion
3.1. XRD analysis

XRD spectra of PANI, TiO,-CuO, PTCS-PANI, and PTCI-PANI com-
posites are shown in Fig. 1. The semi-crystalline peaks of PANI were
observed as expected at 20 = 8.99°, 15.42°, 20.34°, 25.30°, and 27.18°,
which could be related to the (001),(011),(020),(200),and (121)
reflection planes, respectively [28].

The XRD diffractogram of TiO,-CuO revealed peaks at 20 = 32.54°,
35.54°, 38.72°, 48.06°, 53.52°, 58.28°, 61.58°, 65.80°, 66.30°, 68.08°,
and 72.42° attributed to (11 0), (1 1 1), (11 1), (2 0 2), (020), (2
02),(113),022),(311),(220),and (31 1) planes of monoclinic
CuO (JCPDS card no. 89-5895). The diffraction peaks of TiO, at 20 =
25.30°, 36.97°, 37.84°, 48.80°, 53.92°, 55.14°, 62.72°, 68.94°, 70.34°,
and 75.20° corresponded to (101),(103),(004),(200),(105),(21
1),(002),(116),(220), and (2 1 5), planes of anatase (JCPDS No.
73-1764), respectively. The other diffraction peaks of TiO, at 20 =
27.44°,36.12°, 41.26°, and 56.78° were assigned to (11 0),(101),(11
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Fig. 1. XRD diffractograms for (a) PANI, PTCS-PANI composites, and TiO»-
CuO, (b) PANI, PTCI-PANI composites, and TiO»-CuO (eanatase TiO,, €prutile
TiO,, and *CuO).

1), and (2 0 0) planes of rutile (JCPDS No. 99-0090), respectively. The
combination signals from TiO, and CuO indicated a successful dual-
phase TiO2-CuO composite preparation.

The XRD diffractogram of the PTCS-PANI composites exhibited
crystal planes of TiO,, CuO, as well as PANIL This situation could be
proven by incorporating metal oxides into the PANI matrix and con-
firming a ternary composite formation. The XRD pattern of PTCS-PANI
composites revealed that the (2 0 0) and (1 2 1) planes of PANI over-
lapped with the (1 0 1) and (1 1 0) planes of anatase and rutile TiO,,
respectively. The intensities of characteristic diffraction peaks associ-
ated with TiO5 and CuO decreased as the amount of PANI increased.
Furthermore, it was observed that the broadness of XRD peaks for both
TiO4 and CuO, particularly in PTCS-81, was increased. The results were
in good agreement with the successful preparation of PTCS-PANI
composites.

Likewise, the peak intensities of TiO; revealed a gradual decrease as
the amount of PANI increased in PTCI-PANI composites. For the ternary
PTCI-PANI composites, the XRD pattern presented only the diffraction
peaks of PANI and TiO; with no observable characteristic peaks of CuO.
The reason for the disappearance of CuO signal was related to the
dissolution of CuO and the release of Cu®>* ions under highly acidic
conditions [29]. This indicates that either the Cu species were amor-
phous or highly dispersed on PANI [30] or complete elimination occurs
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after dissolution. Similar results were obtained in our previous study
[10]. The crystallite sizes of PANI, TiO2-CuO, PTCS-PANI, and
PTCI-PANI composites were estimated by using Sherrer’s equation (Eq.
(1)), and the calculated values were summarized as in SM, Part II, in
Table S1. For the calculation of crystallite size in PANI-TiO, composites,
the most significant anatase TiO5 plane, (1 0 1), was selected; however,
this highly intense plane overlapped with the semi-crystalline (2 0 0)
plane of PANI. Therefore, the anatase (200) plane was chosen to
calculate the crystallite sizes of the composites and to prevent any
possible misinterpretation. The crystallite sizes for binary TiO3-CuO
composite and ternary PANI-TiO,-CuO composites, specifically con-
cerning the (1 0 1) plane, ranged from approximately 16 nm-21 nm, and
their size was notably higher than that of PANI (~11 nm).

3.2. FTIR-ATR analysis

FTIR-ATR spectra of PANI, TiO,-CuO, PTCS-PANI, and PTCI-PANI
composites are shown in Fig. 2. The main peaks of PANI at 1585 cm ™
and 1481 cm™! related to the C=N and C=C stretching modes of the
quinonoid and benzenoid rings, respectively [31]. The peaks at 1296
em ! and 1242 cm ™! were attributed to the C-N stretching and C-N**
stretching vibrations, respectively. The intense peak at 1110 cm ™ could
belong to the vibrational modes of either Benzenoid-NH' = Quinone or
Benzenoid-NH*-Benzenoid charged units [32,33]. The peaks located
in the 900 cm 1700 cm ™! region were associated with the aromatic ring

PANI
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Fig. 2. FTIR-ATR spectra for (a) PANI, PTCS-PANI composites, and TiO,-CuO,
(b) PANI, PTCI-PANI composites, and TiO,-CuO.
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and out-of-plane C-H deformation vibrations [34].

FTIR-ATR spectrum of TiO,-CuO revealed a weak peak at 1651 em™?,
belonging to the bending mode of the O-H groups, resulting from
absorbed water on the surface. FTIR-ATR spectrum of CuO exhibited a
weak peak at 1651 cm ™, corresponding to the bending vibration (O-H
group) of absorbed water on the surface. The observed peaks at 731
em™! and 420 cm™! were attributed to the O-Ti-O and Ti-O bonding
vibrations, respectively, while the peaks at 595 em™Y, 523 em™ Y, and
483 cm ! belonged to the stretching vibrations of the Cu-O bond of
monoclinic CuO [35,36].

FTIR-ATR spectra of PTCS-PANI composites revealed the character-
istic peaks of both PANI and TiO2-CuO (Fig. 2 (a)). The peaks related to
quinonoid (1585 c¢cm™ ) and benzenoid (1481 cm™ 1) rings of PANI
shifted to 1572 cm ™! and 1486 cm™! in the spectrum of PTCS-81 com-
posite, respectively. These notable shifts in the vibrational frequencies
could imply the presence of an electrostatic interaction between PANI
and TiO2-CuO [37]. As the amount of CuO increased, the peaks indi-
cating the quinonoid and benzenoid ring structures in the PTCS-81
composite shifted to higher wavenumbers, and their intensities gradu-
ally decreased. For PTCS-81, the peaks at 1295 cm™}, 1237 em™t, 1137
em 1,820 cm !, and 792 cm ™! belonged to PANI. The peaks observed at
598 cm ™! and 481 cm™! were attributed to CuO, while the observed
peaks at 723 cm ™! and 415 em ™! corresponded to TiOs. The spectrum of
PTCS-11 and PTCS-18 composites exhibited a general shift toward
higher frequency peaks.

PTCI-PANI composites exhibited only the main vibrations of PANI
and TiO, features, which varied in peak locations and intensities (Fig. 2
(b)). However, CuO signals were not detected in PTCI-PANI composites.
It is worth noting that CuO is unstable in an acidic environment, leading
to its dissolution and the release of Cu®>" ions [29]. This result agrees
with the report on preparing PANI-CuO composites using HCl and
yielding the obtained post-preparation [10]. The splitting of the intense
peak at 1110 cm™}, which is due to the doping of PANI, was commonly
explained by the pseudoprotonation of the imine nitrogens by the metal
cations, such as Cu®t [38]. However, PTCS-PANI composites also
showed similar behavior, so the behavior observed here in PTCI-PANI
composites could not be interpreted as strong evidence for the pres-
ence of Cu®" ions in the matrix.

3.3. SEM analysis

SEM images of PANI, TiO2-CuO, PTCS-PANI, and PTCI-PANI com-
posites are shown at two different magnifications (x100000 and
x50000) in Figs. 3 and 4. SEM images of TiO3 and CuO are presented in
SM, Part II, in Fig. S1.

For morphological comparison, SEM images of PANI and binary
TiO2-CuO specimens are presented in Figs. 3 (a) and Fig. 4(a)-and Fig. 4
(e) and 4 (e), respectively. PANI was found to have a uniform distribu-
tion of large globule-shaped particles of varying sizes. SEM image cor-
responded to a binary TiO2-CuO composite that exhibited a combination
of a diversity of polyhedral-shaped CuO and nearly spherical particle-
shaped TiO,.

SEM image of ternary PTCS-81 composite (Fig. 3 (b)) revealed the
dominant morphological feature of PANI, which contained a small
loading of TiO5-CuO composite on its surface. An increase in the binary
TiO2-CuO amount in the PTCS-11 composite (Fig. 3 (c)) resulted in an
almost identical morphology among the ternary components of PANI,
TiOg, and CuO. As the highest TiO»-CuO amount was reached in the
PTCS-18 composite (Fig. 3 (d)), the morphology transformed into a
stacked PANI in a binary TiO2-CuO composite.

SEM images of ternary PTCI-PANI composites exhibited a binary
morphology comprising PANI and TiO; components. SEM image of the
PTCI-81 composite (Fig. 4 (b)) nearly maintained the globular
morphology of PANI, which was complemented with a minor TiO2
closely resembling that of PANI. Increasing the loading of binary TiOo-
CuO did not significantly alter the composite morphology compared to
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(a)

(b)

(d)

(e)

Fig. 3. SEM images (left) x100000 and (right) x50000 of (a) PANI, (b) PTCS-
81, (c) PTCS-11, (d) PTCS-18, and (e) TiO2-CuO.

PANI (Fig. 4 (c)). It was observed that PANI was primarily observed to be
encapsulated around the spherical TiO5 particles, and the number of
bunches of TiO, increased in the PTCI-11 composite. However, the
surface morphology of the PTCI-18 composite (Fig. 4 (d)) was remark-
ably changed, and TiO partially covered the polymer matrix. It was
observed that PANI particles in the composite were heaped more loosely
than pure TiO, nanoparticles. This observed a loose cotton-like
morphology due to the dissolution of CuO in highly acidic conditions,
which was consistent with the literature [10,39].

3.4. Thermogravimetric analysis

TG (thermogravimetry) analysis of PANI, PTCS-PANI, and PTCI-
PANI composites are presented in Fig. 5. The initial weight loss of
PANI at the temperature range between 50 °C and 120 °C was attributed
to the loss of physically adsorbed water, and the endothermic peak at
79 °C was about 4.4 % (Fig. 5 (a)). The second weight loss in the ther-
mogram, occurring between 165 °C and 360 °C, corresponded to the
impurities, small-chain oligomers, and/or dopants, resulting in a total
weight loss of 15.6 % at around 256 °C. A significant weight loss in the
405 °C-675 °C range was related to the decomposition of PANI back-
bone and chains with an additional weight loss of 23.3 % at 526 °C. The
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first stage of PANI carbonization appeared in a nitrogen atmosphere at
around 700 °C, leading to a total weight loss of 52.7 % [10].

TG and DTG (derivative thermogravimetry) of PTCS-PANI compos-
ites revealed a more stable and well-ordered decomposition nature than
PANI (Fig. 5(b)-(c)). PTCS-81 showed the first weight loss step at around
90 °C, attributed to the release of water, was about 5 %. The following
observed total weight loss step at 260 °C, belonging to the loss of dop-
ants, was 11.9 %. The final thermal decomposition step at 501 °C
resulted in a total weight loss of 52.7 %, which corresponded to the
decomposition of the polymer, confirming the incorporation of the PANI
matrix into binary TiO2-CuO composite [40]. A gradual decrease in
thermal decomposition was observed for PTSC-11 and PTCS-18 com-
posites. For comparison, the total weight losses of PANI, PTCS-81,
PTCS-11, and PTCS-18 were about 52.7 %, 41.8 %, 39.7 %, and 18.4
%, respectively.

TG and DTG curve profiles of all three different amounts of TiO2-CuO
loaded PTCI-PANI composites are presented in Fig. 5(d)-(e). Among
PTCI-PANI composites, the weight loss percentage of the ternary PTCI-
81 composite (49 %) was maximized, resembling that of PANI. The
weight loss observed at approximately 261 °C was related to the removal
of dopants, while the significant weight loss after 510 °C resulted from
the breakdown of polymer chains. In addition, a comparison of the PTCI-
11 and PTCI-18 composites revealed that they exhibited higher stability
than the PTCI-81 composite. The TG curve of PTCI-11 indicated a sharp
weight loss between 120 °C and 600 °C of temperature range (23.9 %)
due to the well-ordered thermal decomposition nature of the polymer,
and the total weight loss of ternary PTCI-11 was about 33.9 %. The
ternary PTCI-18 composite exhibited the most stable thermogram curve
with a total weight loss of only 22.7 %.

3.5. BET analysis

The surface features of PANI, TiO2-CuO, and PTCS-PANI composites
were determined using nitrogen adsorption-desorption isotherms (SM,
Part II, Fig. S2), and all hysteresis curves were classified according to
TUPAC standards [41]. PANI isotherm curve exhibited a type III curve
trend, while the isotherm curves of binary TiO,-CuO and ternary
PTCS-PANI composites belonged to type IV characteristics with an H4
loop, indicating the presence of narrow slit pores [42].

The major BET surface output parameters of PANI, TiO,-CuO, and
PTCS-PANI composites are listed in SM, Part II, Table S2. Based on the
acquired data, the BET surface areas of PANI and TiO,-CuO were ob-
tained as 26 m?/g and 32 m?/g, respectively. The ternary PTCS-81
composite, as the primary component of the PANI, exhibited the high-
est specific surface area of 37 m?/g among the PTCS-PANI composites,
potentially exposing additional activated sites favorable for the
adsorption of reactive molecules. Incorporating TiO»-CuO into the
polymer matrix caused a gradual augmentation in the surface area of
PTCS-PANI composites. It was noted that the surface areas of PTCS-11
(31 m?/g) and PTCS-18 (21 m?/g) composites were lower than that of
PTCS-81. The pore sizes of PTCS-PANI composites were within the
complete characteristics range of mesoporosity (20 A-50 A) and
consistent with SEM analysis [41].

3.6. Photocatalytic activity

The photocatalytic activity tests of ternary PANI-TiO2-CuO com-
posites were conducted using a series of PTCS-PANI composites with
three different ANI ratios, as CuO was not detected in PTCI-PANI com-
posites due to its dissolution issues. Among PTCS-PANI composites, the
PTCS-11 composite was also chosen as a representative specimen with
equal amounts of ANI and TiO,-CuO for the reusability studies and DFT
calculations. The reproducibility of the results was determined to be less
than 5 % through preliminary experiments conducted in triplicate
before the main experimental part.
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3.6.1. Photocatalytic degradation of RB-198

The alterations in the UV-vis profile of RB-198 were analyzed using
binary TiO2-CuO and ternary PTCS-PANI composites (SM, Part III,
Fig. S3). The initial spectrum of RB-198 exhibited a maximum absorp-
tion band at Amay = 625 nm, corresponding to the chromophoric azo
(—N=N-) bond in the visible region, and two other bands observed at
A =225 nm and 1 =266 nm could be associated with the aromatic

groups [10,43]. A gradual reduction in the intensity of these three ab-
sorption bands was noted as the reaction time increased. Nearly com-
plete disappearance of the maximum band at Ay.x = 625 nm was only
observed using PTCS-81 composite within 60 min photocatalytic reac-
tion time. This could indicate that the chromophore contains fragments
from the cleavage of the azo bond. In contrast, a remarkably slower and
gradually decreasing trend in the intensities of the visible band was
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observed in the presence of PTCS-18 and PTCS-11 composites.

The efficiency of photocatalytic decolorization of RB-198 was eval-
uated using binary TiO-CuO and ternary PTCS-PANI composites at
various time intervals (Fig. S4) Among ternary PTCS-PANI composites,
the PTCS-81 composite exhibited the highest photocatalytic activity for
the decolorization of RB-198, achieving 90.4 % in 60 min, which was
significantly higher than that of the binary TiO,-CuO composite (65.1
%). The efficient degradation could be related to the electrostatic forces
between anionic RB-198 dye and positively charged composite surface.
PHp; values of PANI, TiO,, and CuO were pHy,;c = 7.3, pHp,c = 5.7, and
PHp;c = ~8.5, respectively [10,44]. Further increasing the TiO2-CuO
loading in PTCS-PANI composites decreased the photocatalytic decol-
orization efficiencies of PTCS-11 and especially PTCS-18.

The photocatalytic decolorization efficiency of TiO2-CuO and PTCS-
PANI composites on azo RB-198 dye was found to be in the following
order:

PTCS-81>TiO2-CuO > PTCS-11>PTCS-18.

The pseudo-first-order kinetic model parameters RB-198 using TiO»-
CuO and PTCS-PANI composites (R? > 0.75) were calculated by Eq. (3),
and the results were presented in Table 1. The logarithmic decay profiles
of composites are presented in SM, Part III, Fig. S5.

Rate (R)=InAy/A =kt 3

Table 1
Photocatalytic degradation kinetic parameters RB-198 in the presence of binary
TiO,-CuO and ternary PTCS-PANI composites.

First-order kinetic parameters

1

Specimens kx1073, min~! t1/2, min Rate, min™
PTCS-81 65.7 10.55 0.0134
PTCS-11 3.68 188.4 0.0007
PTCS-18 2.77 250.2 0.0006
TiO2-CuO 10.3 67.30 0.0021

where R is the pseudo first-order rate (min™Y), A, and A, are the ab-
sorbances of RB-198 at the initial and irradiation time t (min),
respectively.

The half-life (t;,/2, min) could be calculated by using the pseudo first-
order reaction rate constant (k, min’l) according to the equation:

ti/2 = 0.692/k )

The trend of photocatalytic degradation rate constants of composites
could be expressed in decreasing order:

PTCS-81>TiO2-CuO > PTCS-11>PTCS-18.

The ternary PTCS-81 composite exhibited a photocatalytic
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degradation rate almost six times greater than the binary TiO2-CuO in
degrading RB-198 dye. The presence of PANI in the binary TiO2-CuO
composite reduces the recombination of photo-generated charges,
resulting in increased photocatalytic activity of the ternary PTCS-81
composite [11]. As the amount of TiO3-CuO increased, the values of
rate constants decreased and were found to be 3.68x10~% and 2.77x1073
for PTCS-11 and PTCS-18 composites, respectively. It is well known that
a high surface area contributed to the presence of surface hydroxyl
groups, improving photocatalytic efficiency [10,45]. These outcomes
could be verified by the surface areavalues of composites reported in
Table S2.

3.6.2. Reusability and recyclability

The reusability and stability of the ternary PTCS-11 composite (0.25
g/L) were investigated by reusing the catalyst for the photodegradation
of RB-198 (20 mg/L) for four consecutive cycles. The PTCS-11 com-
posite was collected by centrifugation, washed with distilled water, and
dried at 80 °C before being used for the upcoming cycles of the recycling
test. The photodegradation activity of the recycled and reused PTCS-11
composite remained nearly as efficient as in the initial cycle, main-
taining a conversion efficiency of 85 % by the fourth cycle (Fig. S6). A
slight decrease in photocatalytic efficiency was observed in each cycle,
which was attributed to insufficient photocatalyst dosage or loss during
the washing process. The issue could arise from the inactivation of active
sites and aggregation due to the following heating process [46].

To confirm the structural changes, the FTIR-ATR spectra of the PTCS-
11 composite were recorded before and after each cycle of reaction
(Fig. S7). The spectrum of the adsorbed RB-198 dye on the ternary PTCS-
11 (denoted as t = 0) was closely identical to the shape and position of
the spectrum from the unused PTCS-11. Furthermore, the FTIR-ATR
recycled spectra remained unchanged throughout successive photo-
catalytic processes, confirming a stable catalyst. The XRD diffractograms
of the unused PTCS-11 composite and the recovered catalyst were
analyzed to identify any potential changes in their crystalline nature, in
which it was observed that the crystallinity of PTCS-11 composite
remained nearly unchanged, even after undergoing the fourth consec-
utive cycle (Fig. S8).

3.6.3. Probable photocatalytic degradation mechanism and silico toxicity of
degradation products of RB-198

The optimized geometry of RB-198 is presented in SM, Part IV,
Fig. S9, via computational calculations. Using Fukui functions, the po-
tential photocatalytic degradation mechanism of RB-198 over the
ternary PTCS-11 composite was determined. In addition, the photo-
degradation process was analyzed using FTIR-ATR and SEM, providing
structural and morphological insights into the degradation process.

FTIR-ATR analysis was utilized to observe the structural changes in
functional groups over various time intervals throughout the photo-
catalytic degradation of RB-198 (Fig. S10). FTIR-ATR spectra of PTCS-11
and adsorption of RB-198 on PTCS-11 (t = 0) are also presented in
Fig. S11 for comparison. For the ternary PTCS-11 composite, the peaks
at1574cm™',1490cm ', 1304 cm !, 1243 cm™}, 1141 em ™, 823 em ™!
and 796 cm ! related to PANI, whereas the peaks located at 1672 cm ™!,
732 cm Y, 605 cm ™!, 485 cm™ !, 418 cm ™, and 500 cm™? corresponded
to the binary TiO2-CuO. After the adsorption of RB-198 dye onto the
PTCS-11 composite (t = 0), the peak positions and intensities were
slightly altered. A novel peak at 1640 cm™* could represent the com-
bined vibrations of the phenyl ring and the C=N group, and the peak at
1492 cm™! was attributed to the stretching of the -N=N— bond of RB-
198 or the characteristic PANI vibration. The intensity of the nitrogen
group decreased gradually with increasing photocatalytic reaction time.
The remaining chromophore group could be evidence of incomplete
decolorization in the UV degradation profile of PTCS-11, as shown in
Fig. S3 (b). As a result, a longer irradiation time was necessary to
mineralize the azo dye completely.

The morphological alterations before and after the photocatalytic
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degradation processes were analyzed by SEM (Fig. S11). SEM image of
the ternary PTCS-11 composite was also presented for comparative
purposes. The adsorption of RB-198 dye onto the PTCS-11 composite
resulted in a surface coverage and a smoother catalyst surface. After 120
min of photocatalytic degradation, the SEM image of the PTCS-11
composite revealed a distribution of spherical and polyhedral-shaped
particles, particularly highlighting the morphological features of both
PANI and the binary TiO2-CuO composite.

Based on the DFT calculations, Fukui function indices were per-
formed to determine the most probable reactive sites of RB-198 dye for
hydroxyl radicals (eOH). Hence, higher f indices indicated the atoms
affected by eOH attacks. The theoretical parameters, such as local
softness (sa), Fukui function (f) indices, and softness difference (As)
values, were calculated, and the selected values responsible for ¢OH
radical attacks were summarized in SM, Part IV, Table S3. It should be
highlighted that the computed softness values were close to those of «OH
at specific sites of the identified dye molecule. Moreover, the calculated
As’ values between the reacting atoms should be minimized [10,20].

Fig. 6 presents a proposed degradation pathway of RB-198 based on
theoretical calculations and experimental data. According to Table S3,
the highest Fukui indices values for nitrogen atoms confirm the most
reactive sites of the RB-198 dye to the attack by ¢OH. The primary ¢OH
attack focused on the two competitive pathway reactions by cleaving the
azo bond (—N=N-) and the neighboring single C—N bond, which was in
accordance with the reported earlier studies [18,21]. In our case, the
highest Fukui indices (f%) values were N33 and N39 atoms belonging to
the azo and amino moiety groups, respectively, and suggested that the
azo bond cleavage mechanism was favored over these atom groups
simultaneously. The azo and amino group bond cleavage mechanism for
the photocatalytic degradation of RB-198, at the same time, leading to
the formation of fragment (I) and fragment (II).

Pathway I: The first pathway of the degradation process took place
simultaneously, where the most reactive atoms were N33 and N39 atoms
in the azo and amino moiety groups, respectively. Initially, the «OH
attack on the (—N=N-) bond formed fragment (I) and could be
degraded to compound (1). N35 and N39 in the azo group, and the
cleavage of this chromophore group could indicate discoloration. Sub-
sequent to the eOH attack on N35 underwent two pathways with the loss
of the amino group, denoted as pathway I (a) and pathway I (b),
resulting in the breakdown to compounds (2) and (3). Compound (2)
was split into a sodium ethyl sulfate group attached to the benzene
moiety (4) and triazine moiety (7) that could proceed with the loss of a
sodium ethyl sulfate group, ultimately resulting in the formation of low-
weight compounds. Afterward, the photocatalytic process could degrade
these compounds into CO5 and H3O. Similarly, the compound (3) could
undergo the loss of sulfonate group (10), then convert to compound
(11). Subsequently hydroxylated, the ring-opening reaction could take
place, and further could mineralize into CO5 and H20. The degradation
compounds were mostly in accordance with previously reported studies
[21,47].

Pathway II: Pathway II began with the ¢OH attacking the C-N bond,
resulting in the formation of fragment (II), which was then converted to
compound (12). Following the radical attack at the second azo position
(N18 and N19), which were attached to both the naphthalene moiety
and the phenyl ring, the compounds (13) and (14) could result. In the
next step, compound (13) could be oxidized to compound (15), then
could undergo cleavage of the sodium sulfonate groups attached to the
naphthalene ring (compound (16)). This compound (16) could further
mineralize into small molecules. In the case of pathway II (b), the
removal of chromophore group could form compound (14), and oxidize
to compound (17). The loss of sulfonate group could generate compound
(18). The final product (19) was ultimately formed through a process of
ring-opening and mineralization. Similar results were reported in liter-
ature [21,48]. Furthermore, CDFT calculations supported the experi-
mental results from UV-vis and FTIR-ATR analyses, indicating a gradual
decrease in the spectral bands of both aromatic and chromophore
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groups.

Computational tools were employed to predict the silico toxicolog-
ical effects of the degraded products, and the results were presented in
Table S4. In accordance with the ProTox 3.0 classification steps, the
carcinogenicity, immunotoxicity, mutagenicity, and cytotoxicity of
possible degraded products were assessed. RB-198 diazo dye fell under
relatively harmless (predicted toxicity class 6) and stimulated activity in
hepatoxicity, nephrotoxicity, respiratory toxicity, carcinogenicity, and
the blood-brain (BBB) barrier. The degradation compounds in this study,
such as compounds ((6) and (19)) were found to be active for signifi-
cantly carcinogenic (predicted toxicity class 2), three compounds ((5),
(8), and (11)) were found to be active in terms of carcinogenic effect
(predicted toxicity class 3), while five compounds ((8), (9), (10), (16),
and (17)) were slightly toxic (predicted toxicity class 4). According to
our results, compounds ((1), (2), (4), (7), (14), and (15)) were deter-
mined as non-mutagenic predicted toxicity class 5) and compound (12)
as mutagenic (predicted toxicity class 5), whereas the compounds ((3),
and (13)) were relatively harmless.

Among the degraded compounds, the predicted median lethal dose
(LDsp) analysis highlighted that 1,4-benzoquinone (compounds (6) and
(19)) could pose the highest risks (LDsg = 25 mg/kg). Compounds (3)
and (13) were predicted to have a low toxicity profile at high LDs,
indicating they were environmentally friendly. It is well known that 1,4-
benzoquinone is a benzene metabolite, associated with genotoxic and
mutagenic effects [49]. It was reported that the acute toxicity LDsg
values of 1,4-benzoquinone were 464 mg/kg [50], 320 mg/kg [51], and
a small LDsg = 8.5 mg/kg [49]. Moreover, hydroquinone (compounds
(5) and (18)) exhibited a significantly lower LDsp (225 mg/kg) value.
Topping et al. reported that the LDsg value was higher than 375 mg/kg
in male rats and 367.3 mg/kg in female rats [52]. In another experi-
mental toxicity study, the oral-rat LDsg value of hydroquinone was
found to be 320 mg/kg [50]. These values were similar to the predicted
LDs( value, a quantitative criterion of acute toxicity. In conclusion, the
photocatalytic degradation of RB-198 resulted in most of the degraded
compounds still maintaining slightly toxic, non-mutagenic, and rela-
tively harmless toxicity levels. However, some degraded products were
classified as significantly carcinogenic, carcinogenic, and mutagenic,
particularly those with low LDsq values.

In further studies, we plan to conduct a comparative study on the
proposed degradation products of RB-198 using analytical techniques to
fully identify the degraded intermediates experimentally.

4. Conclusions

This study presented the synthesis and comparative characterization
of ternary PANI-TiO»-CuO composites via in-situ chemical oxidation
polymerization and mechano-chemical techniques. It was found that the
ratio of PANI and binary TiO2-CuO influenced the structural and
morphological characteristics of ternary composites. XRD diffracto-
grams indicated the presence of semi-crystalline PANI, as well as crys-
talline TiO2 and CuO planes in the PTCS-PANI composites. In contrast,
the PTCI-PANI composites only exhibited PANI and TiO» planes, while
CuO was not detected due to its dissolution issues. SEM images of PTCI-
PANI composites supported the XRD data, particularly for the PTCI-18
composite, which revealed a looser morphology compared to pure
TiO4 nanoparticles.

The photocatalytic results indicated that PTCS-81 achieved a
removal rate of RB-198 of up to 90.4 % within 60 min. The reusability of
the ternary composites revealed a slight decrease in RB-198 degrada-
tion, maintaining an impressive efficiency of 85 % after four cycles.
Recycling and reuse tests further emphasized the efficiency and stability
of PANI-TiO,-CuO composites as promising catalysts in photocatalytic
processes.

CDFT calculations were employed to determine that the regiose-
lectivity of eOH attack was more probable based on local reactivity
descriptors. Reactivity descriptors identified the susceptible sites in the
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diazo dye that are reactive to hydroxyl radical attack, as determined by
Fukui functions. Fukui indices were calculated to elucidate the pre-
dictable photocatalytic degradation mechanism of RB-198 with the
combination of experimental data. The higher Fukui function indicated
the most sensitive sites for ¢OH attack on N33 and N39, identifying the
most reactive atoms. Additionally, CDFT calculations confirmed the
experimental findings from UV-vis and FTIR-ATR analyses, where the
spectral bands of both aromatic compounds and chromophores revealed
a gradual decline. Silico toxicity studies highlighted the degradation
products of RB-198, particularly concerning sustainable industrial
practices, raising concerns about whether their incomplete mineraliza-
tion of azo dyes could pose an actual threat to the environment.

The findings of PANI-TiO2-CuO composites offer valuable insights
into the practical application and design of the photocatalytic degra-
dation reactions for efficiently removing azo dyes. Understanding all
aspects of the potential photocatalytic degradation mechanism and
predicting the silico toxicological effects of degraded products of RB-198
could significantly reduce environmental and health risks associated
with water treatment processes.
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