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ABSTRACT

The increasing use of dyes in various industries has raised concerns regarding the potential release of harmful
substances into the environment and their influence on human health. The incorporating style of polyaniline-based
catalysts has attracted great interest in the field of photocatalysis, specifically for dye degradation from water.
Polyaniline CuO (PANI-CuO) catalysts with varying PANI/CuO mole ratios (1:8, 1:1, and 8:1) were synthesized by
in-situ chemical oxidation polymerization (PCI) and mechano-chemical preparation (PCS) methods. FTIR, XRD,
and SEM analyses confirmed the presence of CuO and PANI in PCS catalysts. However, CuQO particles were not
detected in PCI specimens due to the dissolution of CuO in a highly acidic medium. The photocatalytic efficiency of
prepared two different series of PANI-CuO catalysts was assessed by the degradation of methylene blue (MB) dye
degradation for comparative purposes. The results implied that the preparation process significantly concerns the
photocatalytic performance with PCI catalysts exhibiting higher MB photocatalytic degradation than PCS specimens.
The PCI-18 specimen achieved 56% degradation of MB in 300 minutes.

Keywords: In-situ chemical oxidation polymerization, mechano-chemical preparation, methylene blue, PANI-CuO
composites, photocatalysis.

OZET

Giiniimiizde boyalar bir¢cok endiistride kullanilmakta olup, insan sagligi iizerinde olumsuz etkileri olan zararli
maddelerin ¢evreye salinmasi endise yaratmaktadir. Bu nedenle, polimer igerikli katalizérlerin hazirlanmasi ve sudan
boyalarin uzaklastirilmasinda kullanimi 6zellikle fotokataliz alaninda biiyiik ilgi cekmektedir. Polianilin CuO (PANI-
CuO) katalizorleri es-anli kimyasal oksidasyon polimerizasyonu (PCI) ve mekaniksel-kimyasal (PCS) olmak iizere
iki farkli yontem ile hazirlanmistir. Bu yontemlerde, PANI/CuO mol oranlar1 (1:8, 1:1 ve 8:1) olacak sekilde
kompozitler sentezlenmistir. PCS katalizorlerinde, PANI ve CuO varligi FTIR, XRD ve SEM analizleri kullanilarak
saptanmustir. Ancak, PCI 6rneklerinde yiiksek asidik ortamda CuO ¢6ziinmesine bagli olarak, CuO tanecikleri tespit
edilememistir. 1ki farkli seri olarak hazirlanan PANI-CuO Kkatalizérlerinin fotokatalitik etkinligi, metilen mavisi
(MB) kullanilarak, karsilagtirmali olarak test edilmistir. PCI katalizorlerinin MB boyasinin fotokatalitik
degradasyonunda PCS o6rneklerine kiyasla daha etkili oldugu gozlenmistir. PCI-18 6rnegi kullanilarak, MB boyasi
%56 degradasyonuna 300 dakikada sonunda ulasilmustir.

Anahtar Kelimeler: Es-anli kimyasal oksidasyon polimerizasyonu, fotokataliz, mekaniksel-kimyasal hazirlama,
metilen mavisi, PANI-CuO kompozitleri.
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POLYANILINE-BASED CATALYSTS: PHOTOCATALYTIC DEGRADATION OF METHYLENE
BLUE. Kahramanmaras Siit¢ii Imam Universitesi Miihendislik Bilimleri Dergisi, 28(2), 851-862.
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INTRODUCTION

With rapid growth and industrial development, extensive organic pollutants in manufacturing wastewater can pose a
serious threat by being released into water bodies. Textile wastewater is one of the prominent environmental
challenges due to its complex and diverse contaminants generated by textile manufacturing processes such as
bleaching, dyeing, and sizing. Conventional treatment methods including biological and physical processes are
inadequate to eliminate dyes. Consequently, comprehensive implementation of technology treatment is required to
degrade various chemicals used in textile operations and solve secondary pollution issues. Advanced oxidation
processes (AOPs) are chemical oxidation methods that use strong oxidants such as hydroxyl radicals, resulting in a
non-selective reactivity with various organic pollutants. Furthermore, these methods generate hydroxylated or
dehydrogenated products, which are then fragmented into smaller products (i.e., CO2, H,O, and inorganic ions).
Among AOPs, photocatalysis is a promising sustainable method for dye removal from wastewater (Kallawar and
Bhanvase, 2024; Khader et al., 2024; Khan et al., 2024). The photocatalytic mechanism for dye degradation proceeds
under UV or visible light irradiation in the presence of a catalyst to generate electron/hole pairs. These pairs
participate in redox reactions with adsorbed species on the photocatalyst surface, leading to the degradation of dyes
into less harmless byproducts (Hoffmann et al., 1995; Khan et al., 2024).

Methylene blue (MB), one of the primary models of cationic dyes contains functional groups capable of dissociating
into positively charged ions in an aqueous solution. MB is commonly used as a colorant in paper and textiles in the
cotton dying process, also it is applied in pharmaceutical and self-care products. This dye can cause serious effects
on humans, including increased heart rate, nausea, skin and eye irritation, and vomiting. Therefore, most articles have
focused on various treatment techniques in the environmental remediation of MB (Lanjwani et al., 2024; Muzammal
et al., 2024; Turkten et al., 2021b). Hence, up to now, numerous photocatalysts have been designed for the
photocatalytic degradation of MB and further management is compulsory to remove MB using different catalysts
(Khan et al., 2024; Lanjwani et al., 2024).

Recently, the design of conducting polymer-based catalysts has attracted great attention to reduce photogenerated
electron/hole recombination and improve photocatalytic activity. Polyaniline (PANI) and its derivatives are among
the most extensively studied conducting polymers coupled with semiconductor metal oxides used in photocatalytic
applications for wastewater treatment (Sajith et al., 2024; Turkten et al., 2021a). In this regard, PANI-modified
photocatalysts mostly combined with TiO; and ZnO semiconductors such as PANI-TiO; (Jangid et al., 2021; Rahman
and Kar, 2020a, 2020b; Wang et al., 2010; Wang and Min, 2007; Yang et al., 2017), PANI-ZnO (Eskizeybek et al.,
2012; Saravanan et al., 2016; Turkten et al., 2021b; Vijayalakshmi et al., 2021) have been prepared to remove MB
and other synthetic dyes in wastewater. However, a few studies have been reported on the photocatalytic performance
of PANI-CuO-based composites through the degradation of dyes and organic pollutants (Boucherdoud et al., 2024;
Cui et al., 2024; Gelaw et al., 2022; Koysuren and Koysuren, 2023a,b; Nekooie et al., 2021; Rathore et al., 2020).
Rathore and co-workers prepared chitosan-PANI-CuO nanocomposite using the batch adsorption method to remove
methyl orange (Rathore et al., 2020). In another study, a series of boron-doped PANI-CuO composites was
synthesized and photocatalytic degradation of MB was investigated (Koysuren and Koysuren, 2023a). The
photocatalytic performances of PANI-CuO photocatalysts were studied on the degradation of MB (Boucherdoud et
al., 2024), and MB dye and Cr(VI) (Koysuren and Koysuren, 2023b).

This research focused on a systematic kinetic study of the photocatalytic degradation of MB by prepared PANI-CuO
composites via in-situ chemical oxidation polymerization and mechano-chemical methods. In addition to the limited
studies reported on this subject in the literature, a systematic and comparative examination of these methods and the
investigation of the structural and morphological differences depending on the preparation method by FTIR, XRD,
and SEM analyses were aimed to fill an important gap in clarity.

MATERIALS AND METHODS
Materials
CuO, aniline (ANI), ammonium persulfate (APS), and HCI (37%), MB were purchased by Merck.
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Preparation of PANI and PANI-CuO Composites

Polyaniline emeraldine salt (PANI) was prepared via in-situ chemical oxidation polymerization method, as described
in our previous study (Turkten et al., 2023). CuO composites were synthesized by the mechano-chemical preparation
method referred to as PCI composites and in-situ chemical oxidation polymerization method referred to as PCS
composites as summarized as follows (Turkten et al., 2025). The mole ratios of PANI-CuO were 1:8, 1:1, and 8:1 and
were named PCS-18, PCS-11, and PCS-81, respectively in PCS composites. Briefly, CuO and synthesized PANI (as
described above) in 50 mL of distilled water stirred for 24 h. Then, the mixture was filtered and washed with distilled
water. Finally, the solid product was dried at 80°C for 24 h. PCI composites were prepared at the initial ANI/CuO
mole ratios of 1:8, 1:1, and 8:1 and were named PCI-18, PCI-11, and PCI-81, respectively. The initial mole ratio of
ANI/APS was 1:1. Briefly, the representative synthesis of PCI-11 was given as follows: Firstly, 5.71 g (25 mmol) of
APS was dissolved in 80 mL of 1 M HCI solution (Solution A). Solution B was obtained by adding 2.0 g (25 mmol)
of CuO to 80 mL of 1 M HCI solution and ultrasonicated for 15 min. Then, 2.33 g (25 mmol) of ANI was added into
Solution B which was placed in an ice bath. After that, Solution A was added dropwise into Solution B and stirred
for another 24 h. Finally, the resulting product was filtered, washed, and dried at 80°C for 24 h.

Characterization

FTIR-ATR spectra were performed using a Thermo Scientific Nicolet 6700 Spectrometer. SEM analysis was carried
out on a FEI-Philips XL30 Environmental Scanning Electron Microscope with an accelerating voltage of 10 kV.
XRD data were acquired by a Rigaku-D/MAX-Ultima diffractometer (40 kV and 40 mA). Crystallite sizes (D, nm)
of CuO, PCS, and PCI composites were determined by using the Scherrer equation (Equation 1) related to the (1 1
1) reflection plane of CuO (Scherrer, 1918).

D =K % /(B cosb) M
K: 0.9, A: 1.5418 A, 0: Bragg angle, and B: full width at half maximum intensity (FWHM, radians).

Photocatalytic Activity Experiments

The photocatalytic activity of CuO nanoparticles was compared with two different series of PCS and PCI composites
by observing the MB dye solution (10 mg/L) in the exposure time interval (t=0-300 min). A black-light fluorescent
lamp (125 W) with a wavelength range of 300-420 nm at Amax=365 nm was used in experiments. The suspension in
the cylindrical Pyrex reaction vessel was prepared by adding an optimum amount of photocatalyst (0.25 mg/L) in a
50 mL MB solution. After that, the suspension was filtered at certain photocatalytic time intervals, followed by UV-
vis analysis. The percent removal of MB dye was calculated using Equation (2).

Decolorization, % = ((Ao - A) / A0))x100 2)
Ao: initial absorbance of MB dye
Aq: absorbance of MB dye at time t.

RESULTS AND DISCUSSION
Characterization of Photocatalysts

Characterization of PANI, CuO, PCS, and PCI specimens was reported previously and summarized as follows
(Turkten et al., 2025). The main FTIR peaks of PANI were observed at 1585 cm™ and 1481 cm™ for the C=N and
C=C stretching modes of the quinonoid and benzenoid rings, respectively (Deng et al., 2016) (Figure 1 (a)). The
characteristic peak occurring at 1296 cm™was attributed to the C-N stretching mode of the aromatic amine structure.
The peak at 1242 cm™ was ascribed to the conducting protonated form of the polymer indicating the presence of C—
N* stretching vibration in the polaron structure. The intense peak at 1110 cm™* could belong to a vibrational mode of
either B-NH*=Q or B-NH™-B (B: benzenoid, Q: quinone) charged units formation due to the protonation process
(Ping, 1996; Trchova and Stejskal, 2011). The peaks in the 900 cm™?-700 cm™ region (at 818 cm™ and 797 cm™)
corresponded to the aromatic-ring and out-of-plane C—H deformation vibrations (Stejskal and Sapurina, 2008). The
three characteristic peaks of monoclinic CuO observed at 594 cm™, 523 cm™, and 470 cm™ were related to the
stretching modes of the metal-oxygen (Cu-O) bond (Figures 1 (b) and (c)). A weak peak located at 1651 cm™
belonging to the bending vibration (O-H group) of absorbed water on the surface (Borgohain et al., 2000). It could
be seen from the FTIR spectra of PCS composites that the characteristic peaks of both PANI and CuO nanoparticles
were exhibited in Figure 1 (b). The peaks belonging to PANI at 1585 cm™and 1481 cm shifted to blue due to the
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Figure 1. FTIR spectra of (2) PANI, (b) CuO and PCS-composites (¢) CuO and PCI-composites.

electrostatic interaction between a charged structure of PANI and CuO nanoparticles in the spectrum of the PCS-81
composite, respectively (Singh and Shukla, 2020). For PCS-81 composite, the peaks at 1292 cm™?, 1243 cm?, 1136
cm?, 795 cm?, and 506 cm* were ascribed to PANI while the peaks observed at 600 cm™, 517 cm™?, and 473 cm'?
related to CuO. Depending on the increased amount of CuO, the quinonoid and benzenoid ring peaks corresponding
to the backbone of PANI shifted, and their intensities also diminished gradually. All PCI composites revealed peaks
only representing PANI that differed or changed in peak locations and intensities (Figure 1 (c)). The absence of CuO
vibration signals was attributed to the instability of CuO in a highly acidic environment resulting in the dissolution
of CuO and releasing Cu?* ions (Fu et al., 2024; Turkten et al., 2025).

The XRD diffractograms of PANI, CuO, PCS-PANI, and PCI-PANI specimens are presented in Figure 2. The peaks
of PANI at 20 = 8.99°, 15.42°, 20.34°, 25.30°, and 27.18° could belong to the (00 1), (0 1 1), (02 0), (20 0), and (1
2 1) reflection semicrystalline planes, respectively (Jaroslav Stejskal et al., 1998).

The XRD diffractogram of CuO exhibited peaks at 20 = 32.54°, 35.56°, 38.72°, 48.80°, 53.36°, 58.32°, 61.56°,
65.84°, 66.30°, 68.12°, 72.44°, and 75.02° corresponding to (1 1 0), (-1 11),(111),(-202),(020),(202), (-1 1
3),(022),(-311),(220),(311)and (00 4) planes of monoclinic CuO (JCPDS card no. 89-5895) (Devi et al.,
2017).

The diffractogram of the PCS-81 and PCS-11 composites revealed semicrystalline PANI and crystalline monoclinic
peaks of CuO with a slight spectral shift. The intensity of the PANI peaks decreased substantially depending upon
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Figure 2. XRD diffractograms for (a) PANI, PCS-PANI composites, and CuO, (b) PANI, PCI-PANI composites,

an increase in CuO amount in composites, while all semicrystalline peaks representing PANI disappeared in the PCS-

and CuO.

18 composite as expected. However, XRD diffractograms of PCI composites presented only semicrystalline planes

associated with PANI. The absence of characteristic reflections corresponding to CuO was a sign of CuO dissolution

in a highly acidic medium and this finding was consistent with FTIR analysis.
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The calculated crystallite size values of CuO, PCS-81, PCS-11, and PCS-18 specimens were 26 nm, 25 nm, 24 nm,
and 23 nm respectively.

SEM images of PANI, CuO, PCS-PANI, and PCI-PANI specimens are presented in Figure 3. PANI revealed large
globular-like structures, whereas CuO particles comprise various polyhedral forms. It was observed that the dominant
morphology changed from PANI to CuO and the agglomeration tendency increased due to the increasing CuO
amount in PCS composites. SEM images corresponded to PCI-81 and PCI-11 maintained the only typical PANI
matrix although a loose cotton-like structure was observed in PCI-18 composite as reported in the literature (Ullah
et al., 2014). The reason for this noticeable surface modification could be the change in coordination geometry of
transition metal ion Cu?* originated from the dissolution of CuO (Pandey et al., 2015). SEM results were consistent
with the previously discussed FTIR and XRD analyses.

»

Figure 3. SEM x50000 of (a) PANI, (b) PCS-81, (c) PCS-11, (d) PCS-18, (e) CuO, (f) PCI-81, (g) PCI-11, and (h)
PCI-18.

Photocatalytic Activity

MB was chosen as a model dye component to evaluate the photocatalytic performance of CuO nanoparticles, PCS,
and PCI composites. The time-dependent UV-vis spectral features of MB (10 mg/L, referred to initial) during 0-300
min exposure are presented in Figures 4 and 5.

The aqueous solution of MB without the catalyst revealed a maximum absorption band at Amax=664 nm, related to
the conjugation system involving two dimethylamine-substituted aromatic rings through sulfur and nitrogen atoms.
The observed shoulder at A=613 nm corresponded to the dimmer of MB dye. The bands observed at A=246 nm and
A=292 nm in the UV region were assigned to the substituted benzenes rings (Rauf et al. 2010). In all cases, the
characteristic absorption bands of MB at Amax=664 nm and A=613 nm decreased with the progress of MB degradation
reaction and irradiation time.

A comparison was made between the degree of MB decolorization in the presence of CuO nanoparticles, PCS, and
PCI composites (Figure 6) and the corresponding data reported in Table 1.

The degree of MB decolorization in the presence of CuO was 56% after 300 min UV irradiation, which was in
accordance with the literature (Shanmugam et al. 2023). The point of zero charge(pHpc) is an important parameter
for predicting the surface charge of the photocatalyst based on the electrostatic interactions between MB and CuO
surfaces related to photocatalytic efficiency. The pHy.c value of CuO was reported as ~8.5 (Khan et al. 2019), whereas
the pKa value of the cationic dye MB was 3.8 (Poorsajadi et al. 2022). Since the working solution was at around
pH=5.5, pHpc>pH, the surface of CuO was positively charged, and the cationic MB dye with C-S*=C functional
group was expected to be repelled away from the positively charged surface of CuO. This was also the case for
similar catalyst-dye systems reported (Trandafilovi¢ et al. 2017). Interestingly, the PCI-18 composite revealed
effective photodegradation compared to CuO and the other composites.
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Figure 4. UV-vis spectral features of MB using (a) PCS-81, (b) PCS-11, (c) PCS-18, and (d) CuO.
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Figure 5. UV-vis spectral features of MB using (a) PCI-81, (b) PCI-11, (c) PCI-18, and (d) CuO.

Indeed, in the presence of PCI-18, approximately 56% of MB was degraded after 300 min, with a lower photocatalytic
efficiency (36%) in the case of CuO, and an even smaller value was obtained for the other composites. The
morphology, crystalline structure, and dimensions of catalysts played a vital role in photocatalytic activity (Dulta et
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al. 2022). The increase in the removal efficiency of MB could be explained by the surface fiber-like, i.e. loose
morphology resulting in the considerably high surface area of PCI-18 presented in SEM (Figure 3 (h)).
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Figure 6. Photocatalytic degradation of MB in the presence of CuO particles,

PCS, and PCI composites.

Table 1. Photocatalytic Degradation of MB in the Presence of CuO Particles, PCS, and PCI Composites

Removal % at time t

Specimens 60 min 120 min 180 min 240 min 300 min
CuO 6.99 7.24 11.2 14.4 35.6
PCS-81 5.33 8.51 12.0 141 15.3
PCS-11 5.09 5.39 7.56 9.82 20.4
PCS-18 4.80 6.53 7.84 11.0 125
PCI-81 5.66 6.54 9.83 15.7 16.8
PCI-11 9.06 11.1 17.9 26.8 32.8
PCI-18 15.6 24.4 27.5 31.9 56.4

As evidenced by spectral features (Figures 4 and 5), the photocatalytic degradation of MB using CuO nanoparticles
and PANI-CuO composites following the pseudo-first-order kinetics model expressed by Equation 3.

Rate (R)= —dA/dt=kA

R: pseudo-first-order rate, cm™*min?,

Ao: initial absorbance of MB,
A absorbance of MB at time t,
t: irradiation time, min,

k: pseudo-first-order reaction rate constant, min™.

®3)

Half-life (t12, min) could easily be calculated by the following equation, t1,=0.692/k.
The related kinetic parameters (R%>0.75) are presented in Table 2.
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Table 2. The Kinetic Parameters of CuO Particles, PCS, and PCI Composites

First-order kinetic parameters

Specimens kx104, tup, Rate,
min? min cmtmin™?

CuO 11.6 598 0.00229
PCS-18 5.50 1260 0.00109
PCS-11 6.10 1136 0.00120
PCS-81 4.20 1650 0.00083
PCI-81 6.10 1136 0.00120
PCI-11 134 517 0.00264
PCI-18 235 295 0.00464

On comparing the photocatalytic degradation results of all PCI and PCS specimens, the photocatalytic degradation
rate constants could be described as:

PCI-18>PCI-11>CuO>PCI-81=PCS-11>PCS-18>PCS-81

The highest decolorization rate constant was observed when PCS-11 was used among PCS composites and PCI-18
was used among PCI composites. The rate constants obtained for PCI-18 and CuO specimens were k=23.5x10* min-
Tand k=11.6x10"* min’, respectively. This finding indicated that the photocatalytic activity of PCI-18 was about two
times higher than that of CuO. The reason could be related to the loose cotton-like structure of the PCI-18 composite
as seen in the SEM image.

CONCLUSION

The photocatalytic properties of PANI-CuO composites, affected by the synthesis method in terms of structural and
morphological differences, were investigated by a comparative kinetic study. FTIR spectra of PCS composites
presented the characteristic vibrations, belonging to PANI and CuO that differed or changed in peak locations and
intensities, while the peaks of CuO were missing in PCI composites. Additionally, XRD analysis revealed that only
characteristic planes corresponding to PANI were observed in PCI composites. The photocatalytic performances of
CuO and PANI-CuO composites were studied in the degradation of a cationic MB dye. UV-vis intensities of
characteristic bands belonging to MB gradually decreased in the presence of photocatalysts. It is well-known that
morphology, crystalline structure, and dimensions play a crucial role in photocatalytic activity. PCI-18 composite
achieved a satisfactory degradation efficiency of MB (56%), revealing a loose cotton-like structure derived from the
dissolution of CuO.
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