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A B S T R A C T

A series of polyaniline-copper oxide (PANI-CuO) composites were synthesized using in-situ chemical oxidation 
polymerization (PCI) and mechano-chemical preparation (PCS) methods. The influence of the synthesis methods 
on the morphological, structural, surface, thermal, and optical properties of the composites was systematically 
investigated. Characterization techniques including Fourier transformer infrared (FTIR), Raman spectroscopy, X- 
ray diffraction (XRD), scanning electron microscopy (SEM), thermal gravimetric (TG), and differential thermal 
analysis (DTA), and photoluminescence (PL) were employed to confirm the formation of the composites and 
analyze their structural features. The morphology of the PANI-CuO composites was found to be dependent on the 
PANI/CuO ratio and the synthesis method. XRD revealed the semi-crystalline nature of PANI and the monoclinic 
structure of CuO. Photocatalytic performance was evaluated by the degradation of anionic Reactive Orange-122 
(RO-122) dye with the PCS-81 composite achieving 91 % degradation of RO-122 in 120 min. Recyclability tests 
demonstrated high stability of the composites, suggesting their potential as efficient photocatalysts for dye 
removal from aqueous solutions. FTIR, Raman, and SEM analyses were used to monitor morphological and 
structural changes during RO-122 photodegradation. Conceptual Density Functional Theory (CDFT) calculations 
were also performed to identify reactive sites for hydroxyl radical attack, and reactivity descriptors were 
calculated using the DFT/B3LYP/6-31G(d) method. A photocatalytic degradation mechanism for RO-122 was 
proposed by integrating computational and experimental data.

1. Introduction

Nowadays, controlling water pollution associated with the rigorous 
growth of industrialization containing synthetic dyes has become a top 
priority [1]. Among synthetic dyes, reactive dyes are particularly uti
lized in the textile industry, predominantly dyeing cotton and cellulosic 
fibers and fabrics containing small amounts of silk and wool fibers [2,3]. 
RO-122 is an example of an anionic reactive dye presenting a complex 
chemical structure with an azo group linked to naphthalene rings. Re
searchers have reported limited experimental data on the removal of 
RO-122 dye, including adsorption [4,5], biodegradation [6], bio
sorption [7,8], Fenton [9], ozonation [10], photocatalysis [11–18]. For 
environmental remediation and to prevent undesirable detrimental 
consequences associated with humans and aquatic life, adequate treat
ment of dye-containing wastewater from industries before discharge is 
essential [2,19].

Conventional techniques and combinations of biological, physical, 

and chemical processes have exhibited several limitations leading to 
high operational costs and insufficient degradation of highly structured 
dye molecules [2]. Among the water treatment technologies, heteroge
neous photocatalysis in the realm of photochemistry is based on unique 
chemical transformations that generate highly oxidizing species. In 
addition, this environmentally promising and enhanced oxidizing phe
nomenon is used for treating effluents of recalcitrant compounds under 
moderate conditions and offers no secondary pollution [20,21].

Up to date, TiO2, ZnO, and graphene-based photocatalysts have 
received considerable interest in designing new catalytic materials 
[22–27]. Fatima et al. prepared TiO2-based nanostructured materials 
using surfactants such as tannic acid, decyltrimethylammonium bro
mide, and tetraoctylphosphonium bromide [22]. In another study, a 
novel ZnO/reduced graphene oxide-based photocatalyst was prepared 
and the catalytic activity was tested on the degradation of rose bengal 
dye [25]. Ghumro et al. prepared carbon-doped titania nanostructures 
via a facile hydrothermal route using carbon sources, i.e., carbon sheets, 
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acetylene black, graphene oxide, and reduced graphene oxide [24].
Recently, transition metal oxides-based benchmark photocatalysts 

have been considered for removing dyes from water [28]. CuO is a p- 
type semiconductor that comprises such benefits as low cost, non-toxic, 
a narrow band gap (1.7 eV), and efficient electron transfer [29,30]. 
However, the major drawback suppressing the photocatalytic efficiency 
of CuO is associated with the possibility of fast recombination of pho
togenerated electron-hole charge carriers [31]. Hence, up to now, the 
design of polymer-based CuO materials has attracted attention as novel 
surface-engineered photocatalysts [32–35]. Among polymer network 
materials, conjugated polymers (CPs) with coupling semiconductors are 
a better choice since an extended π-conjugated system efficiently sup
presses electron-hole recombination, thereby providing a synergic effect 
to enhance photocatalytic activity [36].

CPs used in photocatalysis today are mainly PANI, polypyrrole, and 
polythiophene composites, which have attracted attention as novel 
surface-engineered photocatalysts [37–41]. PANI is a relatively inex
pensive p-type material compared to other CPs, featuring ease of syn
thesis and containing repeated benzenoid and quinoid units. The 
outstanding environmentally stable polymer with π-bonds on its back
bone contains nitrogen atoms in amine and imine functional groups that 
can enable the effective adsorption of pollutants in water treatment. The 
main strategy of constructing PANI-based composites with semi
conductors is often used to improve the photogenerated electron/hole 
separation and enhance photocatalytic activity [42–45]. Among inor
ganic oxides, TiO2 and ZnO are extensively prepared semiconductors 
combined with PANI for photocatalytic degradation [39]. Notably, the 
application of in-situ oxidative polymerization and hybridization 
methods, in the synthesis of PANI-TiO2 and PANI-ZnO, as polymer- 
modified photocatalysts have been investigated in our previous studies 
[46–48]. In addition, although PANI-TiO2 and PANI-ZnO composites 
have been widely investigated, there are only a few reports on the 
photocatalytic performance of PANI-CuO composites [42].

So far, not many studies on doped-PANI-CuO composites and other 
material-based PANI-CuO composites used for photocatalytic degrada
tion of dyes and organic pollutants have been reported [49–53]. Nekooie 
and co-workers prepared a CuO-TiO2-PANI nanocomposite to degrade 
the toxic pesticide chlorpyrifos in water [51]. Rathore et al. used 
chitosan-PANI-CuO nanocomposite as a photocatalyst to remove methyl 
orange and almost all of the dye was degraded [52]. In another photo
catalytic study, the degradation of congo red in the presence of chitosan/ 
hydroxyethyl cellulose gel immobilized PANI-CuO-ZnO hybrid nano
composite was investigated [53].

The common technique used for the fabrication of PANI-CuO com
posites is in-situ chemical oxidative polymerization, which mostly in
volves oxidative polymerization of aniline monomer with ammonium 
persulphate (APS) as the initiator. In this method, HCl [54–58] was 
preferentially used as a dopant/acid medium to prepare PANI-CuO 
composites in an aqueous solution; also oxalic acid [59], H2SO4 [60], 
citric acid [61,62], and acetic acid [63], were used alternatively. 
Recently, a mechanochemical method has been preferred over existing 
techniques for preparing PANI-CuO composites because of its simplicity 
and low energy consumption. This effective method comprises me
chanical mixing of PANI and CuO separately in water. [64–66].

Although most studies on photocatalysis are based on the assessment 
of the photocatalytic efficiency of organic pollutants, only a few reports 
have examined the plausible photocatalytic degradation mechanism of 
dyes and antibiotics using combined computational and experimental 
chemistry [67,68]. Gurkan et al. proposed a possible photocatalytic 
degradation mechanism of cefazolin by applying quantum mechanical 
calculations within the framework of Conceptual Density Functional 
Theory (CDFT) [67]. Furthermore, the predicted mechanism of cefazolin 
was confirmed by the experimental results reported in the literature. In 
another CDFT study, comprehensive data about the reactivity sites of an 
azo dye were predicted using the Fukui function for radical attacks. The 
photocatalytic degradation mechanism of Reactive Red 195 was 

determined by experimental FTIR and GC–MS analysis with the use of 
Density Functional Theory (DFT) [68].

In this paper, a series of PANI-CuO composites with three different 
PANI amounts were comparatively prepared by in-situ polymerization 
and mechanical methods. The known fact that copper oxide dissolves in 
acidic media has been overlooked in some studies in the community. 
This fact was examined systematically and comparatively in one of the 
two different composite preparation methods used here. In parallel, a 
comprehensive study was carried out on the differences of PANI-CuO 
composites with various characterization techniques. The morpholog
ical, structural, optical, and thermal properties of the composites ob
tained by the two methods have been identified using SEM, XRD, FTIR, 
Raman spectroscopy, and TG/DTA techniques. To the best of our 
knowledge, systematic preparation and characterization of PANI-CuO 
composites via two routes have not been reported at present. Finally, 
the photocatalytic degradation of RO-122 in the presence of PANI-CuO 
composites was also performed experimentally to compare with the 
computational results. In the computational part, the photocatalytic 
degradation mechanism of RO-122 was proposed and discussed for the 
first time using Fukui functions. All theoretical calculations were per
formed by utilizing DFT/B3LYP/6-31G(d) method. As distinct from the 
photocatalytic studies of polymeric composites in literature, this study 
offered combined experimental and computational data to fill this 
knowledge gap.

2. Methodology

2.1. Materials

Copper(II) oxide (CuO, ACS, Thermo Scientific), aniline (ANI, 
C6H5NH2, for analysis), ammonium persulfate (APS, (NH4)2S2O8, ACS 
reagent, ≥98.0 %, Merck), and hydrochloric acid (HCl, ACS reagent, 37 
%, Merck) were used without further purification. Reactive Orange 122 
(RO-122, C31H20ClN7Na4O16S5) dye was used as a model pollutant. All 
aqueous solutions were prepared with deionized water (conductivity <
1 μS/cm at 25 ◦C).

2.2. Preparation of PANI and PANI-CuO composites

Polyaniline emeraldine salt was synthesized by in-situ chemical 
oxidation polymerization method and referred to simply as PANI. PANI- 
CuO composites were prepared via the mechano-chemical preparation 
method labeled as PCS composites and in-situ chemical oxidation poly
merization method labeled as PCI composites.

2.2.1. Preparation of PANI
PANI was synthesized by in-situ chemical oxidation polymerization 

method as reported in our previous study [47]. Briefly, 2.33 g (25 mmol) 
of ANI monomer was added slowly into 80 mL HCl (1 M) solution in an 
ice bath under magnetic stirring. After that, 5.71 g (25 mmol) APS in 80 
mL HCl (1 M) solution was added dropwise (approximately one drop/ 
second) into the above monomer mixture under stirring and then kept in 
a stirring condition for 24 h at room temperature. The resulting dark 
green composite was filtered and thoroughly washed with distilled 
water and ethanol to remove unreacted monomers or oligomers. The 
final product was dried in an air oven at 80 ◦C for 24 h.

2.2.2. Mechano-Chemical preparation method
PANI-CuO composites were synthesized by the mechano-chemical 

preparation method proposed by Maruthi and colleagues [65]. CuO 
and synthesized PANI (as described above) were added to 50 mL of 
distilled water and stirred well for 24 h. In the next step, the mixture was 
filtered, and the resulting product was subsequently washed with 
distilled water. The PCS composites obtained were dried in an air oven at 
80 ◦C for 24 h. The mole ratios of PANI/CuO were 1:8, 1:1, and 8:1 and 
these PCS composites were named PCS-18, PCS-11, and PCS-81, 
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respectively.

2.2.3. In-situ chemical oxidation polymerization method
PANI-CuO composites were synthesized by in-situ chemical oxidation 

polymerization method with a minor modification and referred to as PCI 
composites [47]. PCI composites were prepared at the initial ANI/CuO 
mole ratios of 1:8, 1:1, and 8:1 and these composites were labeled as PCI- 
18, PCI-11, and PCI-81, respectively. The initial mole ratio of ANI/APS 
was 1:1 in all composites and the representative synthesis of PCI-11 was 
given as follows: At first, 5.71 g (25 mmol) of APS was dissolved in 80 
mL of 1 M HCl solution and placed in a dropping funnel (Solution A). 
Solution B was obtained by adding 2.0 g (25 mmol) CuO to 80 mL of 1 M 
HCl solution. After that, Solution B in a flat-bottomed flask was ultra
sonicated for 15 min, then placed in an ice bath, and 2.33 g (25 mmol) of 
ANI was added slowly under vigorous stirring. Solution A was added 
dropwise (approximately one drop/second) into solution B, and the re
action vessel was maintained by continuous stirring for another 24 h at 
room temperature. Finally, the precipitated composite was filtered, and 
washed with distilled water until the colorless filtrate was obtained, 
followed by drying in an air oven at 80 ◦C for 24 h.

2.3. Characterization of PANI, CuO and PANI-CuO composites

FTIR-ATR spectra were recorded with 32 scans at a resolution of 4 
cm− 1 in the spectral range of 4000–500 cm− 1 using a Thermo Scientific 
Nicolet 6700 Spectrometer. Dispersive Raman spectroscopic measure
ments were performed on a Thermo Scientific DXR Raman Microscope 
with an accumulation of five scans of 2 s per scan and a resolution of 2 
cm− 1. All specimens were excited using an Ar+ laser power of 10 mW at 
λ = 532 nm. XRD data were recorded on a Rigaku-D/MAX-Ultima 
diffractometer (40 kV and 40 mA) in the range of 5-80◦ with a scan
ning rate of 2◦ min− 1 using Cu Kα radiation (λ = 1.54 Å). Crystallite sizes 
(D, nm) of CuO and PANI-CuO composites were calculated using the 
Scherrer equation (Eq. (1)) related to (− 1 1 1) and (1 1 1) reflection 
planes of CuO [69]. 

D = Kλ/(βcosθ) (1) 

where,
K: 0.9
λ: X-ray wavelength (1.5418 Å),
θ: Bragg angle, and.
β: full width at half maximum intensity (FWHM, radians).
SEM analysis was performed on FEI-Philips XL30 Environmental 

Scanning Electron Microscope with an accelerating voltage of 10 kV. 
BET measurements were carried out at 77 K using a Quantachrome 
Quadrosorb SI instrument. Thermal analysis was carried out using a 
simultaneous TG-DSC instrument (PerkinElmer model STA 600) under 
an inert pure N2 atmosphere with a flow rate of 20 mL/min and a heating 
rate of 10 ◦C/min.

2.4. Photocatalytic activity experiments

The photocatalytic activity of CuO nanoparticles and three different 
PCS composites followed by the degradation of RO-122 dye solution (10 
mg/L) in the exposure time interval (t = 0–300 min). In an experimental 
setup, 0.25 mg/L photocatalyst was dispersed in 50 mL of dye solution. 
The suspension was kept in a cylindrical Pyrex container illuminated 
from the top with a 125 W black light fluorescent lamp (wavelength 
range 300–420 nm with a λmax = 365 nm). Then, the suspension was 
filtered through a 0.22 μm membrane filter (Millipore) at certain time 
intervals, followed by UV–vis analysis using a Thermo Scientific Genesys 
10S double-beam UV–vis spectrophotometer. The maximum wavelength 
of RO-122 was λ = 484 nm and the percent removal of dye was calcu
lated using Eq. (2). 

Decolorization,% =
(
(Ao − A)/A,o

)
)x100Rate(R) = − dA/dt = kA (2) 

where,
Ao: initial absorbance of RO-122.
At: absorbance of RO-122 at time t.

2.5. Computational details

The calculations between RR-122 dye and photogenerated hydroxyl 
radicals were implemented in the Gaussian09 package [70] using the 
B3LYP/6-31G(d) basis set [71,72]. The CDFT-based reactivity de
scriptors such as electronic chemical potential, hardness, softness, and 
Fukui function provide information on the regioselectivity and the 
reactivity of the compound under investigation. Among them, Fukui 
function f(r) has an essential role in determining the reactivity site of the 
molecule [73]. Further details are presented in Supplementary Material 
(SM) in Part I.

3. Results and Discussion

3.1. FTIR analysis

FTIR spectra of PANI, PCS, and PCI composites are shown in Fig. 1. 
The characteristic peaks of PANI were located at 1585 cm− 1 and 1481 
cm− 1 for the C=N and C=C stretching modes of the quinonoid and 
benzenoid rings, respectively [74]. The medium peak at 1296 cm− 1 

corresponded to the C-N stretching vibration of the aromatic amine 

Fig. 1. FTIR spectra of (a) PANI, CuO, and PCS-composites, (b) PANI, CuO, and 
PCI-composites.
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structure. This peak was related to an induced π-electron delocalization 
in polymer by protonation. Besides, forming a positive charge on the 
polymer chain (=N+–H–structure) in strongly acidic media could result 
in a strong increase in the molecular dipole moment. The peak at 1242 
cm− 1 was attributed to the conducting protonated form of the polymer 
indicating the presence of C–N+• stretching vibration in the polaron 
structure. The strong peak at 1110 cm− 1 could be attributed to a 
vibrational mode of either B–NH+=Q or B–NH+•–B (B: benzenoid, Q: 
quinone) charged units formed during the protonation process. This 
situation also implied the presence of positive charges in the polymer 
chain and the dihedral angle distribution between the quinone and 
benzenoid rings [75,76]. The peaks in the 900 cm− 1-700 cm− 1 region (at 
818 cm− 1 and 797 cm− 1) belonged to the aromatic-ring and out-of-plane 
C–H deformation vibrations [77]. The observed peak at 797 cm− 1 was 
associated with the C–H out-of-plane bending vibrations on 1,4- 
substituted benzene rings that indicated the domination of para- 
coupling of constitutional units in PANI chains [75]. The observed bands 
in FTIR spectrum confirm that the synthesized polyaniline is in the form 
of emeraldine salt.

For comparison, FTIR spectra of CuO nanoparticles were presented 
in Fig. 1(a) and Fig. (b). The three characteristic peaks of monoclinic 
CuO observed at 594 cm− 1, 523 cm− 1, and 470 cm− 1 were attributed to 
the stretching vibrations of the metal–oxygen (Cu–O) bond. FTIR spec
trum of CuO exhibited a weak peak at 1651 cm− 1 corresponding to the 
bending vibration (O–H group) of absorbed water on the surface [78].

FTIR spectra of PCS-PANI composites revealed the main character
istic peaks of both PANI and CuO (Fig. 1(a)). The peaks corresponding to 
quinonoid and benzenoid rings of PANI at 1585 cm− 1 and 1481 cm− 1 

shifted to 1560 cm− 1 and 1489 cm− 1 in the spectrum of PCS-81 com
posite, respectively. The observed remarkable blue shift of benzenoid 
ring vibration in PCS-81 could indicate the presence of an electrostatic 
interaction between a charged structure of PANI and CuO nanoparticles 
[56]. Depending on the increased amount of CuO in PCS-PANI com
posites, quinonoid and benzenoid ring peaks representing the backbone 
of PANI shifted to higher wavenumbers, and their intensities also 
decreased gradually. For PCS-81, the peaks at 1292 cm− 1, 1243 cm− 1, 
1136 cm− 1, 795 cm− 1, and 506 cm− 1 were related to PANI while the 
peaks observed at 600 cm− 1, 517 cm− 1, and 473 cm− 1 corresponded to 
CuO. The spectrum of PCS-11 composite was almost identical to that of 
PCS-81 although the peaks were generally shifted towards a higher 
frequency side. However, PCI composites presented only the charac
teristic vibrations belonging to PANI that differed or changed in peak 
locations and intensities (Fig. 1(b)). As clearly seen in the FTIR spectra, 
all PCI composites are quite similar and have mostly PANI signals with 
no indication of the presence of CuO. Although there are reports avail
able on the preparation of PANI-CuO composites using HCl [54,56–58], 
they all seem to be skeptical in this regard due to the fact that CuO is not 
stable in an acidic environment [79]. This result is also in agreement 
with the yields obtained during the preparation of the composites. Even 
for the PCI 18 composite with the highest CuO content, the yield ob
tained after the preparation attempt was found to be significantly lower 
and this yield corresponds to the PANI ratio that should theoretically be 
present in the composite. Thus, the phenomenon is attributed to the 
dissolution of CuO and releasing Cu2+ ions under acidic conditions [79].

3.2. Raman analysis

Raman spectroscopy was used to determine the compositional and 
structural features of PANI, PCS, and PCI composites (SM, Part II, in 
Fig. S1). PANI exhibited two wide bands at 1567 cm− 1 and 1345 cm− 1 

corresponding to the C=C ring stretching of quinonoid and C–N+•

stretching in polaronic form, respectively. The presence of this radical 
cation could indicate the conversion of quinonoid rings to benzenoid 
rings [80,81].

The band related to the C=C stretching vibration of the quinonoid 
ring in the PCS-81 composite shifted to 1588 cm− 1. This upward shift in 

the spectral position was also observed in PCS-11 and PCS-18 compos
ites compared to PANI. In the PCS-81 spectrum, the shifted band 
observed at 1328 cm− 1 was linked to the C–N+• vibration. As the CuO 
amount increased, this band shifted to lower values (1327 cm− 1 and 
1310 cm− 1), and the intensity of the bands decreased. In the case of PCS- 
81, the observed bands at 1605 cm− 1, 1470 cm− 1, 1213 cm− 1, 1164 
cm− 1, and 785 cm− 1 corresponded to the C − C stretching in the 
benzenoid ring, C=N stretching in the quinonoid unit, C − N stretching 
vibrations, C − H bending vibration, and benzene ring deformations, 
respectively. The other bands at 660 cm− 1, 588 cm− 1, 514 cm− 1, and 
422 cm− 1 were attributed to the C − H vibrations in the quinonoid unit 
[82,83]. The presence of the Cu − O vibration at 639 cm− 1 confirmed 
the monoclinic CuO [84]. This weak band observed for PCS composites 
could not be distinguished in the spectra of PCI composites. The bands 
observed at Raman spectra of PCS-11 and PCS-18 composites were 
similar to those of PCS-81 composite with shifts from original positions. 
Raman spectra of PCI composites presented PANI bands and confirmed 
FTIR results.

3.3. XRD analysis

The structural properties of PANI, CuO, PCS-PANI, and PCI-PANI 
composites were investigated via XRD analysis (Fig. 2). The observed 
semi-crystalline peaks of PANI at 2θ = 8.99◦, 15.42◦, 20.34◦, 25.30◦, and 
27.18◦ could be indexed to the (0 0 1), (0 1 1), (0 2 0), (2 0 0), and (1 2 1) 
reflection planes, respectively [85]. The XRD diffractogram of CuO 
revealed two intense peaks located at 2θ = 35.56◦ and 38.72◦ were the 
characteristic monoclinic (− 1 1 1) and (1 1 1) planes of the CuO phase, 
respectively. The other diffraction peaks were observed at 2θ = 32.54◦, 
48.80◦, 53.36◦, 58.32◦, 61.56◦, 65.84◦, 66.30◦, 68.12◦, 72.44◦, and 
75.02◦ corresponded to (1 1 0), (− 2 0 2), (0 2 0), (2 0 2), (− 1 1 3), (0 2 
2), (− 3 1 1), (2 2 0), (3 1 1) and (0 0 4) planes of monoclinic CuO crystals 
following the standard (JCPDS card no. 89–5895) [86].

The XRD diffractograms of PCS-PANI composites are presented in 
Fig. 2(a). The diffractogram of the PCS-81 composite highlighted 
semicrystalline peaks of PANI at 2θ = 8.93◦, 15.28◦, 20.46◦, 25.04◦, and 
26.85◦ corresponding to (0 0 1), (0 1 1), (0 2 0), (2 0 0), and (1 2 1) 
planes. Conversely, the observed peaks at 2θ = 32.18◦, 35.46◦, 38.64◦, 
48.69◦, 53.51◦, 58.36◦, 61.52◦, 65.49◦, 66.24◦, 68.19◦, and 72.19◦

attributed to (1 1 0), (− 1 1 1), (1 1 1), (− 2 0 2), (0 2 0), (2 0 2), (− 1 1 3), 
(0 2 2), (− 3 1 1), (2 2 0), and (3 1 1) planes of monoclinic CuO crystals 
and these high-intensity characteristic peaks were also decreased sub
stantially due to the domination of PANI peaks over CuO. The XRD 
pattern of PCS-11 revealed a pattern consisting of the typical diffraction 
peaks of CuO and PANI. However, with a further increase in CuO, three 
reduced diffraction planes of PANI assigned to (0 1 1), (0 2 0), and (2 
0 0) were present in PCS-11, and then all PANI planes disappeared in the 
PCS-18 composite. The total amount of PANI in the PCS-18 composite 
could be below the detection limit of XRD and also the adsorption layer 
of PANI chains on the CuO surface [87]. XRD diffractograms of PCI-PANI 
composites displayed reflections corresponding to PANI whereas the 
characteristic reflections associated with CuO were absent (Fig. 2(b)). 
The reason is the dissolution of CuO in a highly acidic medium during 
synthesis and this result complemented FTIR and Raman 
characterization.

The spectral shift observed for the dominant peaks of CuO located at 
2θ = 35.56◦ and 38.72◦ associated with (− 1 1 1) and (1 1 1) planes were 
represented in Fig. 2(c). These two major diffraction peaks slightly 
shifted towards a lower diffraction angle (left side) in PCS-PANI com
posites indicating the interactions between the PANI chain and CuO 
[56]. Similarly, the intensities and related peak positions were gradually 
altered with the increase in PANI amount. The values of crystallite sizes 
using the Scherrer equation by measuring diffraction planes (− 1 1 1) 
and (1 1 1) of CuO were presented in SM in Part II, Table S1. The 
crystallite sizes of the PCS composites decreased with increased CuO 
amount. The calculated crystallite sizes of PCS composites were higher 
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than the values reported previously [88]. Verma et al. found that the 
crystallite sizes of PANI-CuO composites ranged from 12.2 nm to 17.8 
nm, and the crystallite sizes of composites increased with higher con
centrations of CuO [88]. In another study, the crystallite size of the 
PANI-CuO composite was found to be 58.8 nm, which was higher than 
the result we obtained [89].

3.4. SEM analysis

The surface morphology of PANI, CuO, PCS-PANI, and PCI-PANI 
composites was analyzed, and the corresponding SEM images at a 
magnification of (x100000) were shown in Fig. 3.

SEM images of PANI (Fig. 3(a)) revealed a large globule-structured 
shape while CuO particles (Fig. 3(e)) were closely packed in various 
polyhedral-shaped structures. SEM image corresponded to PCS-81 
(Fig. 3(b)), wherein CuO particles were slightly arranged and stacked 
in a high PANI content composite, i.e. no significant change was 
observed in the features of the PANI in composite morphology even at 
higher magnifications. SEM image of PCS-11 maintained the 
morphology of the two components within an overlapped matrix and 
particles were slightly arranged and stacked (Fig. 3(c)). However, the 
PCS-18 composite (Fig. 3(d)) comprised a binary-type structure con
taining polyhedral-shaped CuO and flakes-like aggregated particles. The 

globule particles of PANI were no longer observed significantly due to 
the dominant morphology of CuO covering the porous structure of PANI. 
As the amount of CuO in PCS composites increased, the size of the 
agglomerated particles also enhanced due to a higher tendency for 
agglomeration.SEM images of PCI composites having different CuO 
amounts were presented in Fig. 3(f–h). It was noticeable that the surface 
morphologies of PCI-81 (Fig. 3(f)) and PCI-11 (Fig. 3(g)) composites 
were similar to the typical PANI matrix with a more loosely packed 
structure as compared to PCS composites. The particle sizes of the PCI- 
81 and PCI-11 composites were nearly identical. Indeed, an increase in 
CuO amount affected polymer morphology remarkably in the PCI-18 
composite (Fig. 3(h)), and surface modification resulted in a lose 
cotton-like structure as reported in literature [90]. The reason could be 
the alteration in coordination geometry of transition metal ion Cu2+

derived from the dissolution of CuO [91]. SEM results were consistent 
with the previously discussed spectroscopic data regarding the issue of 
CuO dissolution in highly acidic conditions.

3.5. BET analysis

Nitrogen adsorption–desorption isotherms of PANI, CuO, PCS, and 
PCI composites are presented in SM, Part II, in Fig. S2 and Fig. S3. All 
isotherms and hysteresis curves were recognized according to the 

Fig. 2. XRD diffractograms for (a) PANI, PCS-PANI composites, and CuO, (b) PANI, PCI-PANI composites, and CuO, and (c) XRD peaks for (− 1 1 1) and (1 1 1) planes 
of PANI, CuO, and PCS-PANI composites.
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International Union of Pure and Applied Chemistry (IUPAC) classifica
tion [92]. PANI isotherm curve belonged to type III, indicating weak 
interaction with the adsorbate at high pressure (P/Po), as reported by 
other researchers [93–95]. The isotherms of CuO, PCS, and PCI com
posites revealed a type IV curve trend. CuO was attributed to a H3 loop 
indicating aggregates of plate-like particles whereas an H4 loop was 
observed on PCS and PCI composites and could be related to narrow slit 
pores [96].

The BET surface parameters of PANI, CuO, PCS, and PCI composites 

are listed in SM, Part II, Table S2. The surface area of PANI was 26 m2/g 
and this value closely agreed with the recently reported study [93,94]. 
The specific surface area of CuO (3 m2/g) was increased after PANI 
matrix formation in PCS composites. PCS-81 composite as the main 
constituent of the PANI amount exhibited the highest specific surface 
area (32 m2/g) in PCS composites. It could be seen that the surface area 
of the PCS-81 composite increased to about 11 times compared with 
CuO. A remarkable enhancement was also observed on the surface area 
of PCS-11 (20 m2/g) compared to CuO while the surface area of PCS-18 

Fig. 3. SEM images (x100000) of (a) PANI, (b) PCS-81, (c) PCS-11, (d) PCS-18, (e) CuO, (f) PCI-81, (g) PCI-11, and (h) PCI-18.

Fig. 4. (a) TG and DTG curves of PANI, (b) TG and (c) DTG curves of PCS composites, and (d) TG curves of PCI composites.
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(5 m2/g) composite containing the highest CuO content was slightly 
altered. In addition, the pore size and pore volume of CuO were also 
increased after surface modification with PANI. The porous feature of 
the obtained results was consistent with SEM analysis. The average pore 
sizes of PCS composites were fitted with the mesoporous range of the 
IUPAC [92].

The surface areas of PCI-81 (28 m2/g) and PCI-11 (27 m2/g) com
posites were close to PANI (26 m2/g). However, the surface area of the 
PCI-18 composite was obtained as 45 m2/g, much higher than that of the 
CuO specimen (3 m2/g). This result could also be confirmed by the 
cotton-like structure of the composite, also seen in the SEM image (Fig. 3
(h)). Accordingly, adding CuO affected the surface morphological 
properties and surface areas of PCI composites.

3.6. Thermogravimetric analysis

TGA analysis was carried out to investigate the thermal behavior of 
PANI and PCS composites (Fig. 4). The thermal decomposition of PANI 
revealed four main continuous weight loss steps with temperature, as 
presented in Fig. 4(a). In general, the weight loss was observed at a 
temperature up to 120 ◦C corresponding to the evaporation of water 
molecules in PANI chains and the elimination of the unreacted aniline 
monomer, if left. A small drop in weight loss at around 80 ◦C was only 
4.4 % and was associated with the release of water. The second step was 
observed at the temperature range between 165 ◦C to 360 ◦C related to 
the loss of impurities, small-chain oligomers and/or dopants. The 
observed endothermic peak was at around 256 ◦C and the total weight 
loss was 15.6 %. A sharp weight loss between 405 ◦C and 675 ◦C was 
associated with the thermal decomposition of PANI chains and the 
polymeric backbone. This significant additional weight loss was 23.3 % 
as the temperature reached 524 ◦C. An initial stage of PANI carboniza
tion could be found under a nitrogen atmosphere around 700 ◦C and 
PANI lost its total weight of 52.7 % [47,97].

TG and DTG curve profiles of PCS composites were presented in 
Fig. 4((b)-(c)). PCS-81 composite exhibited a similar thermal decom
position pattern as PANI. The initial peak at around 73 ◦C corresponded 
to the moisture, and the endothermal peak at 286 ◦C reflected the loss of 
dopant molecules inside the PANI-CuO composite matrix. The decom
position of the polymer matrix in PCS-81 was characterized at a tem
perature of 512 ◦C. However, the increase in CuO amount in PCS 
composites revealed a higher residue formation and a shift towards a 
higher decomposition temperature. Total weight losses were 52.7 %, 
38.75, 27.22 %, and 26.06 % for PANI, PCS-81, PCS-11, and PCS-18, 
respectively. A wide degradation curve belonging to the decomposi
tion of the skeletal polymer was monitored from 200 ◦C and ended at 
650 ◦C in PCS-11 composite whereas, the main decrement in the thermal 
decomposition of PCS-81 was observed around 585 ◦C and continued 
until 700 ◦C. The TG profiles of each PCI composite were almost the 
same and these three composites exhibited similar thermal behavior of 
PANI (Fig. 4((d)). The total weight losses of PCI composites were the 
same as PANI (~53 %), which is a strong indication of the dissolution 
issue of CuO in a highly acidic medium.

3.7. PL analysis

Photoluminescence spectra of CuO and PCS composites are shown in 
SM, Part II, in Fig. S4. The PL spectrum of CuO revealed a strong visible 
band at 411 nm (3.02 eV) corresponding to the edge of CuO [98]. The 
combination of CuO with PANI resulted in a significant reduction in the 
intensity of PL bands and shifts in peak positions towards 406 nm (3.05 
eV), 408 nm (3.04 eV), and 409 nm (3.03 eV) were recorded for PCS-18, 
PCS-11, and PCS-81, respectively. The broad green band at 524 nm 
(2.37 eV) could have originated from the ionized oxygen vacancies, and 
the wavelength was in the range of 511 nm-520 nm in PCS composites 
[86].

3.8. Photocatalytic activity

3.8.1. Photocatalytic degradation of RO-122
The changes in UV–vis spectra of RO-122 were investigated using 

CuO particles and PCS composites and presented in Fig. 5. The spectrum 
of RO-122 revealed a maximum absorption band at λmax = 484 nm with 
a shoulder at λ = 404 nm [12]. The bands at 226 nm and 270 nm could 
be related to the aromatic groups [99]. A gradual decrease in the in
tensity of the maximum absorption bands at λ = 484 nm was observed 
with increasing reaction time. The destruction of the main band in the 
visible region of RO-122 in the presence of PCS-81 composite confirmed 
an almost complete photocatalytic degradation of RO-122 dye in 120 
min. This could be evidence of the chromophore containing the 
breakage of the azo bond (Fig. 5(a)). A similar gradual disappearance 
occurred in UV bands corresponding to the aromatic groups of RO-122 
in solution in the presence of PCS-81. An almost complete disappear
ance of the maximum absorption band of the RO-122 dye was observed 
after 300 min of using the PCS-11 composite. However, a much slower 
gradual decreasing trend in characteristic band intensities was observed 
in the case of the PCS-18 and CuO specimens.

The photocatalytic performance of CuO particles and PCS composites 
on RO-122 was analyzed at different time intervals (Fig. S5), and related 
data was reported in SI, Part III, Table S3. The pHpzc values of PANI and 
CuO were pHpzc = 7.3 and pHpzc = ~8.5, respectively [100,101]. Since 
RO-122 as an anionic dye was negatively charged, the attractive elec
trostatic interactions between the dye and PCS composites could result 
in an efficient degradation. Upon comparing PCS composites, the 
highest removal percentage of RO-122 degradation achieved in PCS-81 
in 120 min was 91 %. The logarithmic decay profiles of RO-122 using 
CuO nanoparticles and PCS composites obeyed the pseudo-first-order 
kinetics model (SI, Part III, Fig. S6). The kinetic model parameters 
(R2 > 0.75) were calculated by Eq. (3) and presented in Table 1. 

Rate(R) = − dA/dt = kA (3) 

where,
R: pseudo-first-order rate (cm− 1min− 1),
Ao: initial absorbance of dye,
A: absorbance of dye at time t,
t: irradiation time, min,
k: pseudo first-order reaction rate constant, min− 1.
Half-life (t1/2, min) could easily be calculated by the following 

equation, t1/2 = 0.692/k.
Upon use of all specimens, the trend in photocatalytic degradation 

rate constants could be presented in decreasing order:
PCS-81 > PCS-11 > PCS-18 > CuO.
The PCS-81 composite revealed the fastest rate constant, whereas the 

CuO exhibited the lowest decolorization rate constant in the case of all 
specimens. Accordingly, the high BET surface area (Table S2) and 
considerable surface hydroxyl groups, as evidenced by FTIR (Fig. 1(b)) 
could be the basis of the high photocatalytic efficiency. It was well 
known that the number of surface hydroxyl groups could affect the 
adsorption of organic pollutants and lead to an enhancement in photo
catalytic activity [102]. This result could be confirmed by the surface 
coverage values of PCS-81 (23 %) and CuO (4 %) specimens in Table S3 
and Fig. S5.

3.9. Reusability and recyclability

The reusability and structural stability of the PCS-11 composite were 
tested for four consecutive cycles of degradation of RO-122 azo dye (10 
mg/L). The recyclability of PCS-11 composite (0.25 g/L) was studied 
under the same experimental conditions in 60 min irradiation. 
Following each treatment, the used composite was removed from the 
dye solution by centrifugation, washed with distilled water, and dried at 
80 ◦C for the next run. To clarify the structural and morphological 
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changes of PCS-11 after four consecutive cycles were further 
characterized.

The removal performance of recycled and reused PCS-11 composite 
for four cycles was almost maintained as efficiently as the initial cycle 
(Fig. S7). The photocatalytic degradation of RO-122 for three cycles is 
54 %, 49 %, and 48 %, respectively. At the end of the last cycle, the 
activity of the PCS-11 composite dropped further to 41 % removal of RO- 
122, and the conversion efficiency obtained was still 76 % at the fourth 
cycle. A slight decline in photocatalytic activity after each run could be 
related to the minor photocatalyst dose. The reason could be the deac
tivation of active sites and aggregation caused by the subsequent heat 
process [103].

FTIR spectra of the PCS-11 composite before and after different cy
cles are displayed in Fig. S8. The spectrum adsorbed RO-122 dye on PCS- 
11 (referred to as, t = 0) was almost similar in shape and position to that 
of the sole PCS-11. In addition, an obvious change was not observed in 
the FTIR recycled spectra during repeated photocatalytic processes 
suggesting a stable catalyst.

In order to expand the structural evaluation of the usability of the 
PCS-11 composite, XRD analysis was carried out. XRD diffractograms of 
the unused and used PCS-11 composites were investigated to evaluate 
the possible differences in crystalline structure (Fig. S9). In comparison 
with the XRD diffractogram of the PCS-11 composite, that of the 
adsorbed RO-122 dye on the catalyst surface (t = 0) slightly changed and 

the minor peaks corresponding to the (0 1 1) and (2 0 0) planes of PANI 
disappeared. After four consecutive cycles, the intensities of the 
diffraction peaks of CuO decreased slightly due to the adsorption of RO- 
122 on PCS-11. Through recycling processes, XRD diffractograms of 
PCS-11 composite almost preserved the characteristic diffraction peaks 
of the composite and maintained crystalline structure with a minor 
alteration.

The morphology of the unused and reused PCS-11 composite at the 
end of each cycle was investigated by SEM images presented in Fig. S10. 
For comparative purposes, the SEM image of the PCS-11 composite was 
presented in Fig. 3(c) in the previous data set, referred to here as Fig. S10 
(a). After the adsorption of RO-122 on PCS-11 (t = 0), a decrease in 
surface roughness was observed (Fig. S10 (b)). The influence of the re
covery and recycling process on morphology did not exhibit a significant 
difference compared with that of unused PCS-11. The particles were 
mostly similar in shape and size to PCS-11, whereas a slight aggregation 
was observed after the 4th cycle process (Fig. S10(c)-(f)).

In general, FTIR and Raman spectra of repeated four cycles of PCS-11 
revealed an insignificant shift in peak positions on the functional groups 
confirming the structural properties of the composite almost remain 
unchanged. SEM images indicated minimal surface morphology changes 
during the recycling process, although a slight agglomeration was 
observed in the 4th cycle. The agglomeration observed in the 4th cycle, 
thus leading to a decrease in surface area, is also consistent with the 
sudden decrease in the removal efficiency of the composite. A minor 
alteration was observed in the crystalline structure of the PCS-11 com
posite after cyclic use. These outcomes indicated remarkable stability 
and reusability of PCS-11 composite as a catalyst in the future.

3.10. Degradation mechanism of RO-122

The optimum geometric structure of RO-122 was displayed in SI, 
Part IV, Fig. S11. The possible degradation mechanism of RO-122 upon 
PCS-11 composite was proposed using Fukui functions and further 

Fig. 5. UV–vis absorption spectra of RO-122 using (a) PCS-81, (b) PCS-11, (c) PCS-18, and (d) CuO.

Table 1 
Photocatalytic degradation kinetics of RO-122 upon use of CuO particles and 
PCS composites.

First-order kinetic parameters
Specimens kx10− 3, min− 1 t1/2, min Rate, cm− 1 min− 1

CuO 1.67 415 0.00028
PCS-18 2.26 307 0.00037
PCS-11 4.21 165 0.00069
PCS-81 15.6 45 0.00257
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detailed characterization of the progress of the photodegradation pro
cess was performed via FTIR and SEM analysis.

3.10.1. FTIR analysis
FTIR analysis was used to monitor the structural changes of func

tional groups during photocatalytic degradation of RO-122 with 
different time intervals (Fig. S12). Previous experimental FTIR data of 
PCS-11 and adsorption of RO-122 on PC-11 (t = 0) were given in Fig. S8, 
respectively for comparative purposes (referred to Fig. S12).

In the FTIR spectrum of RO-122 adsorption on PCS-11 (t = 0), peak 
positions and intensities were slightly changed compared to PCS-11. The 
observed peaks at 1575 cm− 1, 1491 cm− 1, 1306 cm− 1, 1244 cm− 1, 1143 
cm− 1, 798 cm− 1, and corresponded to PANI while the peaks at 599 
cm− 1, 512 cm− 1, and 461 cm− 1 were attributed to CuO. In addition, the 
appeared peak at 1636 cm− 1 could be the combination of phenyl ring 
vibrations with the stretching of the C=N group of dye [104]. Accord
ingly, the presence of novel peaks could indicate further evidence of the 
electrostatic interaction between the negative charge on the surface of 
RO-122 and the positive charge of the PCS-11 composite from the 
driving forces of adsorption [105].

The progress of the photocatalytic reaction was also followed at 
different irradiation times and FTIR spectra of RO-122 revealed changes 
in peak intensities and positions. The observed peak at 1491 cm− 1 cor
responded to the − N=N − bond stretching of dye or the characteristic 
peak of PANI vibration. However, the intensity of the chromophore 
group of RO-122 at 60 min irradiation decreased gradually as the re
action time increased. The presence of the azo bond even after 300 min 
of irradiation could indicate an incomplete decolorization and was 
compatible with the UV degradation profile presented in Fig. 5 (b) and 
Fig. S5.

3.10.2. SEM analysis
The morphological changes before and after the photocatalytic 

process at different irradiation times were investigated by SEM analysis. 
The previously presented SEM images of PCS-11 (Fig. S10 (a)) and t =
0 (Fig. S10 (b)) were referred to here as Fig. S13 (a)-(b) respectively. 
After 60 min photocatalytic degradation, the morphology was similar to 
that of untreated PCS-11 composite (Fig. S13 (c)). As irradiation time 
increased to 120 min, the SEM image revealed large globular-shaped 
PANI particles and polyhedral-shaped CuO particles with a slight par
ticle agglomeration (Fig. S13(d). Furthermore, a longer irradiation time 
resulted in a smoother surface and contained more aggregated particles 
compared to PCS-11 (Fig. S13 (e)).

3.10.3. Theoretical Prediction of degradation mechanism of RO-122
Fukui indices values were calculated to predict the susceptive reac

tive centers of RO-122 dye vulnerable to hydroxyl radical (•OH) attacks. 
The local softness s

◦

, Fukui f
◦

, and softness difference, Δs
◦

values are 
calculated and presented in Table 2. Since the highest f

◦

values were the 
possible sites for •OH attack, the sites concerned with relatively low 
Fukui function values were not presented. The selected specific sites of 
the RO-122 molecule were determined by the softness values being close 
to that of hydroxyl radical. In orbital-controlled reactions, Δs

◦

values 
between the reacting atoms should be as small as possible [67]. The 
numbering system throughout the calculations is presented in Fig. 6.

According to the literature, nitrogen atoms of azo bonds were the 
primary targets for •OH attack, following the cleavage of N − N and C −
N bonds [68,106]. In another computational study, Fukui indices were 
calculated to address the •OH attack on reactive regions of an azo dye, 
and the highest f0 values corresponded to the double azo bond (− N=N 
− ) and single (− NH − ) bond [107]. From Table 2, the highest f0 values 
belonged to four nitrogen atoms corresponding to N17, N26 N49, and 
N50 were the most susceptive reactive sites for •OH attack in contrast 
with others and resulted in fragments (I) and (II). Based on the above 
experimental results and combining calculated computational parame
ters and relevant literature, two main competing possible photocatalytic 

degradation pathways of RO-122 were proposed (Fig. 6).
Pathway I: The most plausible site for •OH attack was the position on 

the N17 atom with the highest f0. The cleavage of the − N17H- bond 
between the naphthalene ring and triazine group resulted in the com
pound (1) that proceeded into two possible pathways. In the suggested 
pathway, the •OH attack to the N26 atom was potentially cleaved to 
form compounds (2) and (3) and further degraded into smaller mole
cules by the cleavage of ring structures.

Pathway II: The main structure of this pathway, fragment (II) pro
ceeded to the breakage of the azo bond between N49 and N50 atoms 
attached to the naphthalene rings, thus yielding a hydroxylated com
pound (5), followed by the removal of sulfonate groups on the naph
thalene ring (6). Similarly, the attack of the •OH on the C51 atom could 
generate a compound (7), and then the elimination of the SO3H group to 
give a compound (8). Finally, hydroxylated compounds (6) and (8) were 
further ring-opening naphthalene rings that could mineralize into small 
molecules such as CO2 and H2O.

DFT calculations were consistent with UV–vis and FTIR experimental 
results. A gradual decrease was observed in the aromatic and chromo
phore groups corresponding to UV and FTIR spectral bands of RO-122 
upon PCS-11. However, the high-molecular-weight aromatic ring 
structures were difficult to eliminate, and an extended irradiation time 
was needed. The proposed degradation mechanism was mostly 
compatible with the GC–MS analysis reported in the literature [108]. 
However, additional complementary analytical spectroscopic tech
niques were necessary to completely identify the intermediates gener
ated in the mechanism of photocatalytic degradation in the future.

4. Conclusions

PANI-CuO composites were synthesized using two different routes, 
in-situ chemical oxidation polymerization and mechano-chemical prep
aration methods. The amount of CuO, as well as the synthesis route, 
played a significant role in determining the morphology, structure, 

Table 2 
Chemical reactivity descriptors for RO-122 and •OH.

RO-122 (S = 7.29065)
f◦ s◦ Δs◦

N 17 0.07158 0.58536 3.85348
N 26 0.06251 0.48123 3.92590
N 49 0.06337 0.49453 3.99523
Cl 25 0.04523 0.35523 4.12357
N 50 0.05863 0.48523 4.15263
C 51 0.02885 0.22519 4.18832
S 39 0.02382 0.17652 4.23562
S 44 0.02412 0.17547 4.23689
S 66 0.02417 0.17863 4.23987
O 67 0.02412 0.16782 4.24213
O 45 0.02125 0.16478 4.24366
S 71 0.02569 0.18124 4.24623
O 38 0.02325 0.16521 4.24689
O 69 0.02225 0.16325 4.24789
O 72 0.02396 0.16933 4.24814
O 40 0.02092 0.16328 4.25023
O 74 0.02325 0.17426 4.25236
O 75 0.02236 0.17423 4.25258
O 41 0.02025 0.15807 4.25545
O 47 0.02177 0.15987 4.25652
O 70 0.02136 0.16458 4.26523
O 42 0.01892 0.14748 4.26608
O 48 0.01963 0.15410 4.27523
H 73 0.00823 0.06412 4.31236
C 13 0.00682 0.05512 4.32356
H 18 0.00923 0.07032 4.34228
C 20 0.00825 0.06442 4.34908
H 68 0.00814 0.06352 4.34999
H 27 0.00687 0.05392 4.36210
C 19 0.00662 0.05236 4.36256
•OH (S = 5.71430)
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optical, and surface features of PANI-CuO composites for the design of 
future catalysts.

The spectroscopic analysis of PCS specimens revealed that the 
composites almost exhibited the same main functional group vibrations 
of PANI and CuO with a slight alteration in peak locations and in
tensities. A systematic improvement in crystallinity with a strong de
pendency on the amount of CuO was presented in PCS composites. The 

addition of CuO influenced the morphologies of PCS composites, and 
these three different amounts of PCS composites exhibited dual 
morphology from the dominant feature of PANI to the various 
polyhedral-shaped characteristics of CuO structure. Unlike PCI com
posites, it was determined that CuO dissolves in acidic medium during 
the preparation of PCI composites and thus affects the structural, 
morphological, and thermal properties. The impact of CuO amount 
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resulted in more alterations in terms of morphologies and surface areas, 
this fact was obvious in the PCI-18 composite with observed lose cotton- 
like structural morphology derived from the dissolution of CuO.

The photocatalytic performances of CuO and PCS composites were 
studied in the degradation of an anionic RO-122 dye. From a general 
UV–vis spectral perspective, the intensities of characteristic bands 
belonging to RO-122 in the presence of catalysts decreased gradually. 
The best photocatalytic performance observed for RO-122 was 91 % in 
the presence of PCS-81 under 120 min irradiation.

The photocatalytic activity of the PCS-11 composite remained almost 
stable even after four consecutive cycles. Moreover, FTIR, XRD, Raman, 
and SEM results confirmed that the structural and morphological sta
bility of the reused PCS-11 composite was maintained. Based on recy
clability tests, this catalyst exhibited great potential as a reusable 
catalyst in the future. However, further experiments in a pilot plant are 
suggested to evaluate the feasibility of practical applications of PANI- 
CuO composites.

In the computational part, CFDT was applied on the reactive sites of 
RO-122 vulnerable to •OH attacks and chemical reactivity descriptors 
were calculated using the DFT/B3LYP/6-31G(d) theory. A plausible 
degradation mechanism was predicted using Fukui indices and indicated 
two main competing possible photocatalytic degradation pathways of 
RO-122 based on the cleavages of double azo (− N=N − ) and single 
(− NH − ) bonds. Moreover, FTIR and SEM analysis were applied to 
examine the considerable changes in the structure and morphology on 
the progress of the photodegradation process of RO-122. DFT calcula
tions were consistent with experimental results and relevant literature 
data.
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