
RESEARCH

Journal of Inorganic and Organometallic Polymers and Materials (2025) 35:5509–5530
https://doi.org/10.1007/s10904-025-03605-x

threats, including harm to aquatic life, potential animal inju-
ries, and disruption of underwater photosynthesis caused by 
sunlight blockage [1, 2]. Therefore, to reduce these environ-
mental risks, such effluent must be treated [3].

Different techniques are used in wastewater treatment 
to discharge treated water safely. Biological treatment [4], 
filtration [5], absorption/adsorption [6], and membrane 
processes [7, 8] are a few examples of these procedures. 
Traditional wastewater treatment techniques often fail to 
eliminate organic pollutants and heavy metals effectively. 
Photocatalysis has emerged globally as a sustainable and 
efficient alternative for wastewater treatment due to its 
practicality, non-selective nature, and reusability of pho-
tocatalyst [7, 9]. This approach enables the breakdown of 
complex pollutants into simpler substances such as water, 
carbon dioxide, and inorganic ions [10]. Photocatalysis is 
recognized as one of the most effective techniques for the 
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Abstract
Conducting polymers renowned for their exceptional photocatalytic activity, conductivity, and visible-light absorption 
capabilities present a compelling alternative for advanced photocatalytic applications. In this regard, the creation of con-
ductive polymers of the next generation has enormous promise for improving energy efficiency as well as solving envi-
ronmental issues. In this study, the conductive polymer poly(1,5-diaminoanthraquinone) (PDAAQ) with a band gap of 
1.28  eV and an electrical conductivity of 1.23  S/cm was successfully synthesized via chemical oxidative polymeriza-
tion using ammonium peroxydisulfate as an oxidant and perchloric acid as an initiator in an acetonitrile polymerization 
medium. The adsorption-assisted photocatalytic performance of PDAAQ has been investigated in cationic methylene blue 
(MB) and an anionic direct yellow (DY) dye under visible irradiation. The effect of polymerization medium, oxidant type, 
polymerization time, and monomer oxidant ratio on adsorption-assisted photocatalytic degradation of MB was investi-
gated. The synthesized PDAAQ polymer demonstrates exceptional photocatalytic performance, completely degrading MB 
and DYE dyes under visible light illumination in 6 and 8 min through an adsorption-assisted photocatalysis mechanism. 
Besides, the photocatalytic dye degradation performance of PDAAQ was investigated for the degradation of synthetic 
wastewater (SWW) under visible light. The PDAAQ polymer proves to be an effective photocatalyst for photocatalytic 
applications, showcasing exceptional potential in degrading model dyes and treating synthetic wastewater.
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mineralization of complex contaminants, offering a viable 
alternative for breaking down and eliminating pollutants 
[11, 12]. Ideal photocatalytic materials should be low-cost, 
non-toxic, composed of a range of raw materials, highly 
efficient, stable, easy to separate and recover, and capable 
of absorbing visible light [13, 14]. Conducting polymers 
have emerged as promising alternatives to conventional 
photocatalysts due to their exceptional photocatalytic 
activity, excellent conductivity, unique optical properties, 
and small band gaps that facilitate visible light absorption 
[15, 16]. Additionally, electroconductivity, electrocataly-
sis, electroactivity, optical activity, and ion adsorption can 
be readily controlled through a reversible doping/dedop-
ing process. The conducting polymers polyaniline (PANI) 
[3, 17, 18], poly (3,4-ethylene dioxythiophene) (PEDOT) 
[19], polypyrrole (PPy) [20], polythiophene (PTH) [21], 
and their derivatives are frequently employed in photo-
catalytic wastewater treatment applications. Abdiryim et al. 
evaluated the photocatalytic degradation efficiency of pure 
PEDOT (poly(3,4-ethylenedioxythiophene)) for methylene 
blue (MB) dye under UV and natural sunlight irradiation. 
Pure PEDOT achieved a degradation efficiency of 37.7% 
under UV light and 33.9% under natural sunlight within 
5 h. This study highlights that pure PEDOT exhibits moder-
ate photocatalytic activity for degrading organic dyes, with 
performance depending on the light source and exposure 
duration [22] Ahmad et al. conducted a study in 2020 using 
pure polypyrrole (PPy) for the photocatalytic degradation 
of Direct Yellow dye. The study reported that PPy achieved 
a 65% degradation efficiency under visible light within 
180 min [23].

PANI is a well-known conductive polymer with its 
chemical stability, low cost, high conductivity, simple pro-
duction process, and strong redox characteristics. Haspulat 
Taymaz et al. investigated the photocatalytic activity of 
pure polyaniline (PANI) films for dye degradation. Pure 
PANI achieved 63% degradation efficiency for methylene 
blue (MB) and 79% for rhodamine B (RdB) under UV 
light within 30  min. Under visible light, the degradation 
efficiencies were 39% for MB and 52% for RdB after the 
same duration. This demonstrates that PANI shows mod-
erate photocatalytic activity, with higher efficiency under 
UV light compared to visible light [24]. Although PANI is 
a well-known conductive polymer [3] with many benefits, 
its instability can eventually cause conductivity to decrease, 
particularly when exposed to environmental elements like 
oxygen and moisture [25]. PANI needs dopants to increase 
their conductivity; however, the efficacy of these dopants 
varies, and performance may be hampered by poor selection 
[26]. While the synthesis of polyaniline (PANI) can be com-
plex, making large-scale production with high purity chal-
lenging [27], PDAAQ offers an alternative as a conductive 

polymer with exceptional electroactivity and stability, 
which is attributed to the integration of a polyaniline skel-
eton and a 1,4-benzoquinone moiety [28]. PDAAQ features 
a 1,4-benzoquinone moiety condensed between two aniline 
groups, resulting in enhanced electroactivity and stability 
compared to polyaniline due to its hybridized structure. 
The quinone (Q/Q·−/Q²−) group in the π-conjugated system 
provides superior electroactivity, surpassing other conduct-
ing polymers. Additionally, the supramolecular structure 
of PDAAQ, reinforced by strong π-conjugated interactions 
between anthracene rings and hydrogen bonds between N-H 
and C = O groups, ensures superior cycle stability compared 
to other known conductive polymers [29].

The synthesis of PDAAQs has garnered attention 
in recent years [28–30]. The electropolymerization of 
PDAAQs leads to the improved electrochemical perfor-
mance of the polymer [29, 31, 32]; however, large-scale 
production remains impractical. Typically, PDAAQ is syn-
thesized through chemical oxidative polymerization using 
oxidizing agents like ammonium persulfate or potassium 
permanganate [33], facilitating the oxidation of the mono-
mer and forming PDAAQ with a conjugated structure. This 
method allows for customizing PDAAQ properties, such as 
conductivity and stability, by adjusting reaction parameters 
like oxidant concentration and reaction time. Additionally, 
the process can be conducted at very low temperatures, 
making it suitable for a wide range of applications [34]. 
PDAAQ has attracted significant attention as an electrode 
material for supercapacitors, with the interaction between 
PDAAQ and conductive frameworks playing a crucial role 
in enhancing the electrochemical performance of flexible 
devices [29–31]. However, in existing literature, poly(1,5-
diaminoanthraquinone) has not been explored as a photo-
catalyst. Given its extended π-conjugated system, PDAAQ 
is expected to absorb light in visible and UV regions, shar-
ing structural similarities with PANI. This broad absorption 
spectrum would enable PDAAQ to be effectively excited 
by visible light, positioning it as a promising candidate for 
photocatalytic applications. Like PANI, PDAAQ may offer 
similar advantages in light-driven reactions, opening new 
avenues for research in photocatalytic devices.

The present study synthesized PDAAQ via chemical oxi-
dative polymerization and explored it for the first time as 
a photocatalyst for removing anionic DY and cationic MB 
dyes. The synthesized PDAAQ was characterized using a 
variety of techniques, including Scanning Electron Micros-
copy (SEM), SEM-Energy Dispersive X-ray Spectroscopy 
(EDX), X-ray diffraction (XRD), Fourier-Transform Infra-
red Spectroscopy (FTIR), UV-Vis absorption spectroscopy, 
and Braeuer-Emmett-Teller (BET) surface area analysis. 
These methods provided valuable insights into the struc-
tural, morphological, and optical properties of PDAAQ, 
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which are critical to its photocatalytic performance. The 
photocatalytic efficiency of PDAAQ was evaluated for both 
anionic and cationic dyes, considering factors such as pH, 
photocatalyst dosage, dye concentration, and catalyst reus-
ability. The results showed that PDAAQ exhibited signifi-
cant photocatalytic degradation for both dye types.

Additionally, the adsorption behavior of PDAAQ towards 
the dyes was examined through dark storage experiments, 
revealing that adsorption played an essential role in enhanc-
ing photocatalytic efficiency. Therefore, the improved 
photocatalytic activity of PDAAQ can be attributed to its 
intrinsic photocatalytic properties and high adsorption 
capacity. To further explore the impact of environmental 
factors on adsorption-assisted photocatalytic performance, 
synthetic wastewater containing various ionic species was 
prepared. The kinetic behavior of dye degradation in this 
system was studied, shedding light on the influence of dif-
ferent ions on the adsorption-assisted photocatalytic pro-
cess. Finally, degradation kinetics were also analyzed in a 
mixed-dye system to understand better how PDAAQ per-
forms in more complex wastewater environments. This 
study underscores the potential of PDAAQ as an effective 
photocatalyst for wastewater treatment, emphasizing the 
optimization of its synthesis and the critical role of adsorp-
tion in enhancing its performance. The findings contribute 
to the expanding field of polymer-based photocatalysts and 
open new possibilities for designing advanced materials for 
environmental remediation.

2  Experimental

2.1  Materials

To synthesize PDAAQ, the 1,5 diamino anthraquinone 
(DAAQ, 90%) monomer used was purchased from Alfa 
Aesar, and perchloric acid (HClO4, 72%) and ammo-
nium peroxodisulphate (APS) (NH4)2S2O8, 99%) were 
purchased from Merck. Acetonitrile (CH3CN, 99%) was 
purchased from Avantor (J.T. Baker). For the dye degra-
dation and SWW (synthetic wastewater) experiment, DY 
(C35H24N6Na4O13S4), MB (C16H18ClN3S), sodium sulfate 
(Na2SO4), and disodium phosphate (Na₂HPO₄) were pur-
chased from Merck. Wheat starch was purchased from a 
local market in Türkiye. The solution’s pH was adjusted 
using sulfuric acid (H2SO4, 98%) and ammonia (NH3) 
purchased from Isolab and Tekkim, respectively. For the 
scavengers experiments, ascorbic acid (C6H8O6), ethyl-
enediamine tetraacetic acid (C10H16N2O8), and isopropa-
nol (C3H8O) were purchased from Kimetsan, Merck, and 
Lachema, respectively. Deionized water was used for wash-
ing and experimental studies.

2.2  Synthesis of PDAAQ

In this study, PDAAQ was synthesized by chemically oxi-
dizing DAAQ using APS as an initiating mechanism and 
HClO4 as an acidic medium (Fig. 1). For this, 60 mg DAAQ 
(0.25 mmol) was added to 76 mL pure C₂H₃N. It was stirred 
at 80  °C in a magnetic stirrer heater for one hour. After 

Fig. 1  Synthesis scheme of PDAAQ
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was measured via a four-point probe electrical conductivity 
measurement method (ENTEK Electronics).

2.4  Dye Degradation Performance of PDAAQ

The adsorption-assisted photocatalytic activity of the 
PDAAQ polymer was assessed using an anionic azo dye DY 
and a hetero cationic polyaromatic dye MB. For adsorption 
studies, solutions were placed in the dark at room tempera-
ture, and dye solutions were removed at a predetermined 
moment, filtered, and measured using a UV-Vis spectropho-
tometer. Equations (1 and 2) can be used to determine the 
dye’s adsorption capacity and the % removal, respectively 
[37, 38]:

qe = (C0 − Ce) × V/W� (1)

Removal (%) = (C0 − Ct) × 100/C0� (2)

C0 and Ce represent the starting and equilibrium concentra-
tions of the adsorbed dye, respectively. Ct denotes the dye 
concentration at a certain place. The relative molecular 
weight of the dye is denoted by W (g/mol). V (L) represents 
the dye solution’s volume.

Dye adsorption has traditionally been examined by the 
two important adsorption isotherms, the Langmuir equilib-
rium isotherm and the Freundlich equilibrium isotherm, as 
described in Eqs. (3 and 4) [39].

Ce/qe = Ce/qmax + 1/ (qmaxKL)� (3)

here, KL represents the Langmuir constant, Ce represents the 
equilibrium concentration, and qe and qmax denote the maxi-
mum and equilibrium adsorption capacities, respectively. 
Ce/qe vs. Ce was plotted, and KL and qmax values (Table 1) 
were computed by applying the slope and intercept of the 
linear curve derived from the Langmuir isotherm equation. 
Equation (4) contained the Freundlich isotherm equation.

lnqe = 1/n (lnCe) + ln KF� (4)

where qe and Ce are the equilibrium adsorption quantity and 
concentration of the solutions, n is the degree of surface het-
erogeneity, and KF is the Freundlich constant, representing 
the adsorption capacity. Equation  4 was used to plot lnqe 
versus ln KF. The slope and interception of the linear curve 
obtained from the Freundlich isotherm equation were used 
to compute the 1/n and KF values.

For the kinetic studies, pseudo-first and pseudo-second-
order dye adsorption models were investigated. The pseudo-
first-order model (Eq. 5) is the most employed approach 
to analyze the dye’s dynamic adsorption performance, 

cooling to ambient temperature, 560 µL of pure HClO4 was 
added, and the mixture was sonicated in a sonication bath 
for 30 min. 171.14 mg APS (0.75 mmol) was dissolved in 
4 mL of distilled water and added to the monomer solution. 
After one hour of sonication, it was washed with ethanol 
using a centrifuge until the color disappeared. It was dried 
in a vacuum oven at 40  °C. The effect of polymerization 
medium, oxidant type, polymerization time, and monomer: 
oxidant ratio was also investigated.

2.3  Characterization of PDAAQ

The crystalline properties of the polymer were inves-
tigated via the X-ray diffraction method (Shimadzu 
XRD-6000 X-ray diffractometer) via Cu-Kα radiation 
(λ = 0.154060  nm) at 40  kV. Fourier Transform Infrared 
Spectra (FTIR) was recorded with Perkin Elmer Spectrum 
400 in the ATR mode via diamond ATR crystal in the wave-
number 4000–450 cm−1. An Ocean Optics DH-2000 spec-
trophotometer recorded UV-visible spectra. EDX-equipped 
scanning electron microscope (SEM) was used to investi-
gate the morphology (ZEISS Evo LS10). The polymer’s 
specific surface area and pore characteristics were inves-
tigated with a Micromeritics Tristar II 3020 analyzer via 
N2 adsorption-desorption isotherms at 77.3 K. The surface 
area and average pore diameter/pore volume of the poly-
mer were calculated via Brunauer–Emmett–Teller (BET) 
and Barrett–Joyner–Halende (BJH) methods, respectively 
(Cryogenic Limited PPMS). The polymer’s pH point of zero 
charges (pHpzc) was determined via a modified pH drift 
method [35, 36]. The electrical conductivity of the polymer 

Table 1  Comparison of the photocatalytic performance of PDAAQ 
with other conductive polymer photocatalysts
Catalyst Dye Degra-

dation 
efficiency, 
%

Degra-
dation 
time 
(min)

Light 
source

Refer-
ences

PANI MB
RdB

39
52

30
30

Visible 
light

[24]

PPy RdB
DY

48.18
55.59

45
70

Visible 
light

[20]

Ppy/Fe MG 95 60 UV light [36]
PPy/CdS/Ni MB 94.76 180 Visible 

light
[64]

PEDOT MB 33.9 300 Visible 
light

[22]

TiO2/ZnO/PAN MG 99 240 UV light [65]
PTh/Al2O3 MB 77.3 240 Visible 

light
[66]

PDAAQ MB
DY

100
100

6
8

Visible 
light

This 
study

PANI: polyaniline, PPy: polypyrrole, PEDOT: poly(3,4-ethylene-
dioxythiophene), PAN: polyacrylonitrile, PTh: polythiophene, RdB: 
rhodamine B, MG: malachite green
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The performance of PDAAQ polymers synthesized using 
different solvents and oxidizing reagents in the photocata-
lytic removal of MB dye used as a model compound was 
also investigated. Due to their high photocatalytic dye deg-
radation performance, it was decided to use ACN as the sol-
vent and APS as the oxidant.

Stability experiments were performed using PDAAQ, 
at pH = 10.5 for MB and pH = 1 for DY, by conducting five 
experiments using the same photocatalyst and replacing 
the dye solutions between series to simulate an intensive 
industrial application. 1.2  mg of photocatalyst was dis-
persed into 3 mL of MB and DY solutions for the scaveng-
ing experiment. Then 0.1 M of ethylenediaminetetraacetic 
acid (EDTA), ascorbic acid (C6H8O6), and isopropyl alcohol 
(IPA) were used as hydroxyl radical (·OH), singlet oxygen 
(1O2) and h+ traps, respectively.

3  Results and Discussion

3.1  Structural Characterization

The structural characterization of PDAAQ was completed 
via FTIR, XRD, and UV-vis methods (Fig.  2). Figure  2a 
shows the FTIR spectrums of the DAAQ monomer and 
PDAAQ polymer. The characteristic absorption peaks of 
DAAQ at 3414, 3315, 1608, 1536, 1381, and 1264 cm−1 are 
attributed to -NH2 asymmetric and symmetric vibrations, 
C = O (quinone), C-N-C stretching, and C = C stretching 
vibration of the anthraquinone ring, respectively [44]. After 
the polymerization was completed, the intensity absorp-
tion peaks of DAAQ were decreased and spread out. In the 
FTIR spectrum of PDAAQ, the absorption peak observed at 
3348 cm−1 is due to the -NH2 symmetric vibrations. The peak 
at 1602 cm−1 is attributed to C = O in the quinone ring. Also, 
the absorbance peaks C = C aromatic and C = N stretching is 
observed at 1580 and 129 cm−1, respectively. The peaks at 
1257 and 1172 cm−1 are due to the C-N stretching of the pri-
mary and secondary amine groups, respectively. Also, the 
peak at 1384 cm−1 is related to C-N-C stretching [44–46].

XRD analysis was conducted to investigate the crystal 
structure of the PDAAQ polymer. Figure 2b illustrates the 
typical XRD pattern of PDAAQ. The XRD pattern of the 
PDAAQ polymer shows low crystallinity. The broad peak 
centered at 25° can be related to periodicity and perpendicu-
lar to the polyaniline-like main chains [47, 48].

Figure 2c shows the UV-Vis absorption spectra of PDAAQ 
and DAAQ over the 200–1000 nm range. The spectrum of 
the DAAQ monomer exhibits a distinct absorption peak at 
460 nm, whereas the PDAAQ polymer displays a broad and 
intense absorption spanning the entire range from 200 to 
1000 nm, encompassing the UV, visible, and near-infrared 

examining the adsorption behavior at the liquid-solid inter-
face to determine the adsorption rate [40]:

Ln (qe − qt) = lnqe − k1t� (5)

here, qt (mg/g) and qe (mg/g) represent the quantity of dye 
adsorption at t time and equilibrium, respectively. k1 repre-
sents the rate constant of pseudo-first-order adsorption. The 
pseudo-second-order model (Eq. 6) was also constructed, 
which is based on the notion that the adsorption capability 
is primarily related to the number of active sites occupied by 
the adsorbent [41]:

t/qt = 1/k2qe2 + t/qe� (6)

here, k2 is the rate constant of pseudo-second-order 
adsorption.

In adsorption-assisted photocatalysis experiments, 
the dye and photocatalyst were not expected to reach 
adsorption-desorption equilibrium, and the measured dye 
degradation amounts were called adsorption-assisted pho-
tocatalysis. Adsorption-assisted photocatalysis studies were 
carried out in the photoreactor. A halogen lamp was used 
as the light source in the photoreactor. During the experi-
ments, UV-visible absorption spectra were recorded at two-
minute intervals to monitor changes in the absorbance of the 
dye. From the absorption spectra recorded at different times 
during photocatalytic degradation, the % degradation val-
ues of the dyes were calculated according to Eq. (2), using 
the absorbance values measured at the wavelength at which 
they had maximum absorption in 650 and 390 nm for MB 
and DY, respectively [42].

Using pseudo-first and pseudo-second-order kinetic 
models, the kinetic behavior of the adsorption-assisted 
photocatalytic process in the simultaneous removal of DY 
and MB cationic dyes from aqueous solution was examined 
Eqs. (7 and 8) [43]:

−ln (Ct/C0) = k1 · t� (7)

1/Ct = 1/C0 + k2t� (8)

here, the rate constants of the pseudo-first-order and 
pseudo-second-order kinetic models are C0 (mg/L), which 
represents the concentration of dyes prior to the onset of 
the adsorption-assisted photocatalytic degradation process, 
and Ct (mg/L), which represents the concentration of dyes 
following the onset of the photocatalytic degradation pro-
cess at times t (min), and k1 (1/min), and k2 (L/mol.min) are 
the rate constants of the adsorption- assisted photocatalytic 
process.
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3.2  Morphological Analysis

The SEM images depict distinct morphological structures 
of PDAAQ synthesized in various polymerization media. 
Images labeled with “i” reveal an overview of the surface 
morphology, while those labeled with “ii” provide a closer 
view, focusing on the yellow-framed regions in Figures a.i., 
bi, and ci. The morphological architectures of PDAAQ syn-
thesized with various solvents change because of the impact 
of solvents on the polymerization process. Solvents are key 
in shaping polymer nucleation, growth, and self-assembly 
processes, directly impacting final morphology. Each sol-
vent interacts differently with the monomers and growing 
polymer chains, influencing solubility, diffusion rates, and 
chain conformation. These interactions result in distinct 
microstructures observed in SEM images, such as particle 
size, shape, or surface texture variations. The morphological 

regions. The broad absorption band in the visible region 
is attributed to the π-conjugated system of PDAAQ [48]. 
The marked difference between the UV-Vis spectra of the 
monomer and the polymer indicates that the polymeriza-
tion process extends conjugation and enhances electronic 
delocalization within the polymer structure, resulting in a 
significantly broadened and intensified absorption band 
compared to the monomer. Using the Tauc plot [13, 46], the 
optical energy band gap (Eg) of PDAAQ was determined 
from the absorption spectrum (Fig.  2d). The relationship 
αhν = A (hν − Eg)2 is used to calculate the material’s optical 
band gap, where A, hν, and α are a constant, photon energy 
and the linear absorption coefficient, respectively. Plotting 
(αhv)2 as a function of hν allows for estimating the optical 
energy band gap of 1.28 eV.

Fig. 2  a FTIR spectrums of DAAQ and PDAAQ, b XRD pattern, c UV-vis absorption spectrum, and d Eg estimation of PDAAQ (revised figure)
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surface area, and catalytic activity, which are often closely 
related to the material’s microstructure.

The morphological analysis of PDAAQ synthesized at 
optimum conditions investigated the SEM, EDX mapping, 
and BET analysis (Fig. 5). The morphologies of PDAAQ 
were investigated using SEM observations. Figure 5a and b 
show the SEM of PDAAQ at different magnifications. Fig-
ure 5a shows the overall surface morphology of the PDAAQ 
polymer, representing a porous structure with a rough sur-
face and aggregated particles. The image in Fig. 5b, a mag-
nified portion highlighted in red Fig. 5a, provides a closer 
look at the individual agglomerates, suggesting the forma-
tion of nanoparticles or micro-sized particles. The elemental 
distribution of the PDAAQ polymer is analyzed using the 
EDX mapping method (Fig. 5c-f). The combined elemental 
map shows a uniform distribution of elements throughout 
the polymer matrix (Fig. 5c). The carbon (C-K) map indi-
cates the carbon-based backbone of the polymer (Fig. 5d). 
Oxygen and nitrogen elements are also homogeneously dis-
tributed on the polymer surface (Fig. 5e, f). BET analysis 
was also performed to investigate the structural and poros-
ity features of PDAAQ. The N2 adsorption-desorption of 
PDAAQ was given in Fig. 5d. The PDAAQ polymer exhib-
its type IV isotherm due to the micro and mesoporous struc-
ture. Also, the pore size distribution of the PDAAQ polymer 
was determined by BJH analysis (inset Fig. 5d). The pore 
diameter, surface area, and pore volume of PDAAQ are 
14.76 nm, 17.79 ∓ 0.8 m2/g, and 0.065 cm3/g.

Figure 6 shows the photoluminescence (PL) spectrum of 
the PDAAQ polymer, exhibiting a strong emission peak at 
approximately 600 nm wavelength. This peak reflects the π 
→ π* transitions of the polymer and its optical activity in 
the visible light region, confirming the photoluminescence 
properties of the material. The 200 nm Stokes shift calcu-
lated for the excitation wavelength of 400 nm indicates that 
electrons experience energy loss at intermediate energy lev-
els and that the material may be affected by defects in energy 
transitions. The excitation wavelength of the PDAAQ poly-
mer was selected as 400 nm, which might be associated with 
the π → π* transitions of the aromatic units in the polymer 
structure. Side peaks and broad bands may be associated 
with defects in the polymer chain or environmental effects 
[51].

3.3  Electrical Conductivity

Using the four-probe method, the electrical conductivity 
of the PDAAQ pellet was measured as 1.23 S/cm at room 
temperature. PDAAQ’s relatively low band gap is consis-
tent with its modest electrical conductivity since smaller 
band gaps frequently facilitate electron migration from 
the valence band to the conduction band. This outcome is 

structure is also one of the parameters affecting photocata-
lytic activity, and surface area and photocatalytic activity 
change depending on the morphological structure.

The PDAAQ polymer is successfully synthesized using 
an initiating system with chemical oxidative polymeriza-
tion. Liu and Liu successfully synthesized PDAAQ polymer 
using an APS/HClO4 oxidant/initiator system via chemical 
oxidative polymerization as supercapacitor electrode mate-
rial [49]. Using the same oxidant/initiator couple, we syn-
thesized PDAAQ via chemical oxidative polymerization in 
different polymer mediums: ethanol (EtOH), acetonitrile 
(ACN), and dichloromethane (DCM). The photocatalytic 
activities of polymers synthesized using EtOH, ACN, and 
DCM as solvents were investigated. Among these, the 
highest photocatalytic activity was observed for PDAAQ 
synthesized in ACN, leading to the selection of ACN as 
the optimal solvent for further studies. Furthermore, SEM 
imaging of the polymers synthesized in these three differ-
ent solvents revealed distinct morphological differences 
(Fig. 3). These observations suggest that the choice of sol-
vent not only influences the photocatalytic performance but 
also has a significant impact on the morphological char-
acteristics of the resulting polymers. The superior perfor-
mance of PDAAQ synthesized in ACN may be attributed 
to its morphology, which likely facilitates enhanced light 
absorption and improved interaction with reactants during 
photocatalysis.

PDAAQ was synthesized using ACN as a solvent and 
different oxidizing reagents as oxidants (APS, K2Cr2O7, 
H2O2, FeCl3), and SEM images of the synthesized poly-
mers are shown in Fig. 4. Figure 4 shows the morphological 
structures of the polymers synthesized using different oxi-
dants. The distinctive morphological structures of PDAAQ 
polymer synthesized using different oxidant types can be 
explained by the impact of oxidizing agents on the polymer-
ization process. Oxidizing agents initiate and propagate the 
polymerization reaction and influence the growth kinetics, 
molecular weight, and aggregation behavior of the polymer 
chains, all of which contribute to the final morphology [50]. 
Different oxidizing agents have varying oxidation potentials 
and reactivity, which can lead to differences in the rate of 
polymer formation, chain propagation, and termination pro-
cesses. These variations can influence the degree of polym-
erization, crystallinity, and the self-assembly of polymer 
chains. Consequently, the morphology observed in SEM 
images, such as changes in particle size, shape, or surface 
roughness, reflects these underlying polymerization dynam-
ics. For instance, a more potent oxidizing agent might pro-
duce more branched or irregular structures, while a milder 
one could produce smoother or more compact structures. 
This diversity in morphology is significant because it can 
directly affect the polymer’s properties, such as conductivity, 
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and EtOH), in degrading MB dye as a model compound 
revealed that the polymers synthesized with ACN and DCM 
exhibited superior photocatalytic efficiency compared to 
the polymer produced with EtOH (Fig.  7a). However, in 
the case of the DCM used as the solvent, the synthesized 
polymer’s synthesis yield was lower than that of the poly-
mer synthesized in the ACN medium. The lower polymer-
ization yield in DCM is attributed to the limited solubility 
of the monomer and the oxidant during the polymerization 

similar to those of other conductive polymers with electrical 
conductivities ranging from 0.1 to 10 S/cm, such as poly-
pyrrole (PPy) and polyaniline (PANI), depending on the 
synthesis parameters and degree of doping [52–54].

3.4  Dye Degradation Performance of PDAAQ

An evaluation of the photocatalytic performance of 
PDAAQ, synthesized with various solvents (ACN, DCM, 

Fig. 3  SEM images of PDAAQ synthesized in a EtOH, b ACN, and c DCM medium (i and ii: images taken different magnifications)
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a polymer structure with a higher surface area and greater 
porosity, which would increase the number of active sites 
available for dye adsorption and degradation. Ethanol, a 
polar protic solvent, may lead to a polymer with a lower 
degree of conjugation and less ordered structure due to its 
hydrogen bonding and polarity, which can interfere with the 
polymerization process. The reduced conjugation decreases 
the polymer’s capacity for efficient charge transfer, directly 
limiting its photocatalytic performance. Additionally, the 
polymer synthesized in ethanol may exhibit less favorable 
surface properties, such as lower porosity or fewer active 
sites for MB dye adsorption, further contributing to the 
lower photocatalytic activity. In conclusion, the solvent 
choice significantly affects the polymer’s electronic proper-
ties and morphology, with ACN leading to a more efficient 
photocatalytic material than ethanol. On the other hand, 
being a polar protic solvent, ethanol may affect the polym-
erization process differently. It may inhibit the production 
of prolonged conjugated chains or result in a less ordered or 
porous polymer structure, reducing conjugation and surface 
area and thus limiting the polymer’s capacity to create and 
transmit charge carriers, resulting in poorer photocatalytic 
effectiveness. Ethanol may interact with the polymer during 

process, reducing the reaction rate or leading to incom-
plete polymerization and resulting in lower yield. Solvent 
polarity is another critical factor in chemical polymeriza-
tion, as it affects the solubility of reactants and the mobility 
of growing polymer chains. DCM’s relatively low polar-
ity may not support the efficient propagation of polymer 
chains, leading to lower yield. Solvents act as a medium 
for the chemical polymerization reaction and influence the 
polymer’s molecular structure, morphology, and surface 
properties, which are crucial for photocatalytic activity. The 
effect of the solvent on the polymerization process and the 
final polymer structure explains the increased photocata-
lytic activity of PDAAQ generated with ACN as a solvent 
as opposed to that synthesized in ethanol. Because ACN is 
a moderately polar aprotic solvent, it facilitates more effec-
tive polymerization, which probably produces a polymer 
with a higher degree of conjugation. In conductive poly-
mers like PDAAQ, conjugation is essential for facilitating 
charge separation and transfer, processes that are critical for 
photocatalytic activity. The increased conjugation improves 
electron mobility within the polymer, enhancing its ability 
to generate reactive species under light and degrading MB 
at higher rates. ACN may also promote the development of 

Fig. 4  SEM images of PDAAQ synthesized by using a APS, b K2Cr2O7, c H2O2, d FeCl3 as an oxidant
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and structural stability increase. However, as the polymer-
ization time increases, the polymer chains overlap, causing 
a decrease in surface area and, thus, decreasing the pho-
tocatalytic active sites. According to Fig. 6c, the optimum 
synthesis time was decided as one hour.

The PDAAQ produced with a 1:3 monomer-to-oxidant 
(APS) ratio showed better photocatalytic activity in the deg-
radation of MB dye, which may be ascribed to the impact 
of oxidant concentration on the polymer structure and char-
acteristics (Fig. 7d). At a 1:3 monomer-to-oxidant ratio, the 
higher APS concentration may lead to more effective oxi-
dation, resulting in better crosslinking and a higher degree 
of conjugation in the polymer. This enhanced conjugation 
improves the electron mobility within the polymer, facili-
tating more efficient charge separation and transfer during 
photocatalysis. Furthermore, a higher oxidant concentra-
tion affects the resultant polymer’s surface area and poros-
ity, which are important for dye adsorption and subsequent 
photocatalytic destruction. The increased surface area 
affords more active sites for interaction with MB molecules, 
resulting in higher photocatalytic activity. In contrast, the 

manufacture, limiting the availability of active sites and 
decreasing the degradation efficiency of the MB dye. Thus, 
the choice of solvent strongly impacts the shape and elec-
trical characteristics of the produced PDAAQ, which then 
affects its photocatalytic efficacy [55].

The oxidant type significantly impacts the photocata-
lytic dye degradation performance of PDAAQ under visible 
light. The oxidants employed to manufacture the PDAAQ 
were FeCl3, APS, H₂O₂, and K2CrO7. The maximum pho-
tocatalytic performance was observed in the presence of 
PDAAQ and APS as an oxidant (Fig. 7b). APS acts as an 
oxidizing agent that begins the polymerization reaction, and 
its concentration is critical in defining the polymer chain 
length, molecular weight, and overall shape of the polymer, 
which impacts its photocatalytic efficacy [56, 57].

Polymerization time is another critical factor affect-
ing the photocatalytic dye degradation performance of 
PDAAQ. Figure 7c shows the photocatalytic dye degrada-
tion performance of PDAAQ polymer synthesized at dif-
ferent polymerization times in degradation MB dye under 
visible light. As polymerization time increases, crystallinity 

Fig. 5  a, b SEM images of PDAAQ synthesized using ACN as the solvent and APS as the oxidant, c–f EDX mapping of C, O, and N elements, 
g N2 adsorption-desorption isotherms and inset BJH pore size dispersion plots of PDAAQ
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beyond 2.8, these groups deprotonate, losing hydrogen ions, 
which results in a negatively charged surface [58].

The effects of pH, catalyst dosage, and dye concentra-
tion were examined to comprehend how operational cir-
cumstances affected the photodegradation of the dyes under 
visible light. The photocatalysis efficiency of PDAAQ was 
investigated under dark and visible light irradiations in the 
existence of MB and DY dyes. The photocatalytic efficiency 
of the catalyst is known to be determined by the pH of the 
reaction medium. The photocatalytic performance of the 
generated PDAAQ was tested against the shifting pH of the 
MB and DY solutions, which ranged between 1 and 10.5 
(Fig. 8b). The solution’s pH was adjusted using H2SO4 and 
NaOH. MB dye removal efficiencies increased at pH values 
of 5, 6, 7, 9, and 10.5, all higher than the pH PZC (2.82). 
At these pH values, the surface of PDAAQ is deprotonated 
with a negatively charged surface, increasing the photocata-
lytic efficiency of PDAAQ when exposed to visible light, 
and MB dye is completely degraded [60]. DY dye removal 

polymer may have less crosslinking and a lower degree of 
conjugation at lower oxidant ratios, restricting its capac-
ity to produce and transfer charge carriers effectively and 
diminishing the photocatalytic efficacy. This result suggests 
that optimizing the monomer-to-oxidant ratio is critical to 
enhancing the polymer’s photocatalytic properties [55].

The pH drift technique was used to obtain the pH PZC 
[36, 56]. Particularly in aqueous environments, pH is essen-
tial to the photodegradation of organic molecules [58]. 
Reactive species generation and other modifications to cata-
lyst surface characteristics are pH-dependent and impact 
catalyst efficiency [59]. The pHpzc plot of the PDAAQ is 
shown in Fig. 8a, and the estimated value of 2.82 is found 
at the intersection of the final pH line and the beginning pH. 
The surface will be positively charged at pH values lower 
than 2.8 because the acidic environment causes surface 
functional groups, including hydroxyl groups, to proton-
ate and acquire protons (H⁺). However, as the pH increases 

Fig. 6  Photoluminescence spectra of PDAAQ
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adsorption capability (Fig. 8c). At 1.3 mg/mL PDAAQ, the 
highest adsorption rate (82%) was achieved. The increase 
in surface area leads to more active adsorption sites [61]. 
With adsorption-assisted photocatalysis, the percentage 
removal of MB dye gradually increased as the PDAAQ 
photocatalyst dosage increased attributed to more active 
sites with higher catalyst concentrations. Using 1.3 mg/mL 
of catalyst resulted in 100% decolorization efficiency. As a 
result, 1.3 mg/mL was chosen as the optimal catalyst dose. 
Photocatalyst dosages of 0.1 to 1.3 mg/mL were examined 
for their impact on DY degradation at a dye solution con-
centration of 10 µM and a pH of 1. Similarly, for DY dye, 
the adsorption amount increased to 52% by increasing the 
amount of photocatalyst from 0.1 to 1.3 mg/mL (Fig. 8d). 
In the adsorption-assisted photocatalysis of DY dye in 
the presence of PDAAQ photocatalyst, photodegradation 
reached 100% when the photocatalyst dosage was 0.4 mg/L. 
However, a further increase in photocatalyst dosage led to a 
slight decrease in DY degradation to 95%. Higher catalyst 
loading leads to increased photodegradation as it accelerates 

efficiencies were greater for pH values of 1, 2, and 3, which 
are lower than the pHpzc. At pH 1, the maximal degradation 
for DY was achieved. The surface of PDAAQ has a positive 
charge at this pH, and DY takes on a zwitterionic shape in 
a polar solvent. Thus, the catalyst surface and the DY dye 
molecule attract one another. At low pH, the positive holes 
are the main oxidizing species [20]. Since the PDAAQ struc-
ture’s amino groups may be protonated with more protons at 
lower pH values, the structure’s positive charge density will 
increase [32]. The dye removal rate increases because of the 
strong electrostatic contact between the PDAAQ surface 
and the dye anions, and the removal efficiency decreases 
as the pH rises. These electrostatic interactions between the 
dye molecules and the PDAAQ surface thus caused the dif-
ferences in dye removal at various pH levels.

Using PDAAQ with a fixed MB concentration of 10 
µM and a pH of 1, the effects of adsorption and adsorp-
tion-assisted photocatalysis on MB removal were studied 
with the photocatalyst amount ranging from 0.1 to 1.3 mg/
mL. Increasing the dosage of PDAAQ resulted in higher 

Fig. 7  The effect of a polymerization medium, b oxidant type, c polymerization time, and d monomer: oxidant ratio on the degradation of MB 
under dark and visible light illumination (dye concentration: 10 µM and photocatalyst dosage: 1.3 mg/mL)
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Fig. 8  a pHpzc of PDAAQ, the effect of b dye pH (dye concentration: 
10 µM and dosage: 0.4 mg/mL), photocatalyst dosage on c MB (dye 
concentration: 10 µM and irradiation time: 2 min) and d DY (dye con-
centration: 10 µM and irradiation time: 8 min) and dye concentration 

of e MB (catalyst dosage: 0.4 mg/mL and irradiation time: 6 min) and 
f DY (catalyst dosage: 0.2 mg/mL and irradiation time: 10 min) under 
dark and visible light illumination
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increasing trend in degrading efficiency is observed when 
the concentration rises from 10 to 50 µM, where the effi-
ciency increases from 50.48 to 54.1%, respectively. The 
dye molecules may be able to occupy new or less acces-
sible active sites due to enhanced mass transfer effects and 
possible secondary interactions. Furthermore, the adsorp-
tion kinetics may be changed by dye aggregation at greater 
concentrations, which might explain this apparent increase 
in degradation [61].

The reuse of catalysts is crucial for industrial applica-
tions. To evaluate their performance, PDAAQs were sub-
jected to five consecutive experiments involving both MB 
and DY dyes. As illustrated in Fig.  9a, b and a consis-
tent decline in the degradation efficiency of PDAAQ was 
observed across both dyes with repeated catalyst use. In 
Fig. 9a, the removal of MB by the PDAAQ photocatalyst 
after the first run reached 100% in 6 min, and the percentage 
color removals after 6 min were 81.39, 81.67, 78.06, and 
71.43% for the 2nd, 3rd, 4th and 5th uses, respectively. The 
times required for 100% degradation of MB by the PDAAQ 
photocatalyst are 12, 14, 16, and 16 min for the 2nd, 3rd, 
4th, and 5th uses, respectively. In Fig. 9b, the removal of 
DY with PDAAQ photocatalyst reached 100% at the end 
of 8 min after the first run. At the end of 6 min, the color 
removal percentages in the 2nd, 3rd, 4th, and 5th uses were 
93, 89.5, 87.4, and 86.01%, respectively.

Table  1 compares the photocatalytic performance of 
the synthesized PDAAQ polymer with the other conduc-
tive polymer photocatalysts [20, 22, 24, 36, 64–66]. The 
PDAAQ photocatalyst requires comparatively shorter deg-
radation times for degradation model dyes visible light 
irradiation.

the formation of electron-hole pairs and hence ·OH radicals. 
However, because the suspended particles protect light, too 
much catalyst reduces light penetration, which lowers pho-
todegradation [60].

The impact of dye concentrations (5, 10, 25, and 50 µM) 
on MB photodegradation is illustrated in Fig. 8e. Accord-
ing to the figure, it is obtained that as the dye concentration 
increases, adsorption decreases. The primary explanation 
might be the saturation of accessible adsorption sites on 
the material’s surface. There are many free sites for dye 
molecules to adsorb at low concentrations, resulting in 
high adsorption efficiency. However, when concentration 
increases, the active sites are filled, resulting in an adsorp-
tion plateau [62]. The degradation percentage of MB at 5 
µM and 10 µM was 100%, while it was found to be 69.82 
and 56.82% at 25 µM and 50 µM, respectively. The deg-
radation efficiency remained constant while increasing the 
dye concentration from 5 to 10 µM MB. On the other hand, 
the MB degradation on photocatalyst reduced consider-
ably at dye concentrations of 25 µM and 50 µM. At low 
dye concentrations, only a small amount of dye is adsorbed 
onto the catalyst surface, and as the concentration of dye 
increases, the number of adsorbed dye molecules decreases 
the amount of light interacting with the catalyst surface 
needed to form an electron-hole pair. At higher dye concen-
trations, however, the number of photons reaching the cata-
lyst surface decreases as more light is absorbed by the dye 
molecules, lowering the final catalyst efficiency [63]. This 
situation is like the degradation of DY dye on the PDAAQ 
photocatalyst surface shown in Fig. 8f. The PDAAQ poly-
mer exhibits high degradation efficiency at 5 µM (90.65%) 
in DY dye adsorption, followed by a reduction at 10 µM 
(43.83%). The catalyst’s active sites being saturated, which 
restricts the adsorption capacity as the dye concentration 
rises, is probably the cause of this decline. Nevertheless, an 

Fig. 9  The photocatalytic stability of PDAAQ (a) MB and (b) DY (dye concentration:10 µM, photocatalyst dosage: 0.4 mg/mL)
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and LUMO are 0.79 eV and − 0.49 eV (relative to NHE), 
respectively.

EHOMO = − (E (ox) − EFc + 4.8) eV� (9)

EHOMO = ELUMO − Eg � (10)

ENHE = −EAVS − 4.5� (11)

The PDAAQ polymer immediately adsorbs MB and DY 
through hydrogen bonding, van der Waals forces, π–π inter-
actions, and electrostatic interactions [68] Subsequently, 
the electrons (e–) and holes (h+) are produced by exposure 
to visible light [69]. The hierarchical π–π arrangement in 
the PDAAQ polymer chain facilitates the separation and 
transfer of e− and h+ [50]. The LUMO level potential of the 
PDAAQ polymer is lower than the reduction potential of 
O2/⋅O2

– (− 0.33  eV versus NHE) [70]; thus, electrons can 
generate ⋅O2

– with O2 dissolved in water [63]. Nevertheless, 
the photogenerated holes of the PDAAQ were incapable of 
oxidizing OH− to ˙OH, as the HOMO level potential was 
insufficiently positive (0.49  V). Consequently, the ˙OH 
generated in the system originated from O2

˙− according to 
Eqs. (12 and 13) [68, 71].

O·−
2 + H2O → ·OOH + OH−� (12)

H2O + ·OOH + e− → ·OH + OH−� (13)

Simultaneously, h+ can directly engage in the photodeg-
radation of MB and DY. Dyes are effectively degraded 

3.5  Photocatalytic Dye Degradation Mechanism

The photogenerated active species hole (h+), superoxide 
anion (⋅O2

−), and hydroxyl (⋅OH−) radicals play crucial 
roles in the photocatalytic degradation process. Trapping 
experiments utilizing various scavengers were performed 
to investigate a possible photocatalytic mechanism. EDTA, 
isopropyl alcohol (IPA), and ascorbic acid (AA) functioned 
as scavengers to capture h+, ⋅OH−, and ⋅O2

− radicals [67]. 
The results of the experimental trapping are presented in 
Fig.  10a. The degradation efficiency of dyes is markedly 
reduced in the presence of AA. Moreover, the degradation 
efficiency is also affected by the inclusion of EDTA and IPA. 
In the photocatalytic degradation of dyes in the presence of 
PDAAQ under visible light, ⋅O2

− serves as the primary reac-
tive radicals, while h+ and ⋅OH act as secondary reactive 
species.

The results from the scavenger experiments contributed 
to the demonstration of the proposed possible photocata-
lytic dye degradation mechanism of PDAAQ in Fig. 10b. 
The Eg value was estimated to be 1.28 eV (Fig. 2d). The 
cyclic voltammogram (CV) of PDAAQ was recorded in 
ACN + LiClO4 medium within the voltage range of −0.5 
to + 2.0 V (Fig. S1). The initial oxidation potential (Eox) of 
PDAAQ was determined to be 0.88 V from CV. The calcu-
lations for the highest occupied molecular orbital (HOMO) 
and lowest unoccupied molecular orbital (LUMO) of the 
PDAAQ are performed using Eqs.  (9–11). The absolute 
vacuum scale (AVS) needs conversion to a normal hydro-
gen electrode (NHE) for further studies on photodegrada-
tion mechanisms. The calculated energy levels for HOMO 

Fig. 10  a Scavenging experiment of active species during photocatalytic degradation of MB, DY dyes b proposed possible photocatalytic dye 
degradation mechanism
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Figure 10b and c show the linear graph of Ce/qe against Ce 
using Eq. (3) and lnCe against lnqe using Eq. (4).

As seen in Fig. 11b and c, the R2 value for the Langmuir 
isotherm scenario of PDAAQ elimination on both MB and 
DY dyes was determined to be greater than the value deter-
mined for the Freundlich model.

The Freundlich isotherm suggests heterogeneous adsorp-
tion on a surface with different affinities. On the other hand, 
the Langmuir isotherm indicates monolayer adsorption on 
a surface with a small number of identical sites, indicating 
that MB molecules engage aggressively with the PDDAQ 
surface to cause saturation at greater concentrations [71, 
72]. Table 2 shows the constants obtained from the Freun-
dlich and Langmuir isotherms.

via the mechanism of adsorption-assisted photocatalytic 
degradation.

3.6  Adsorption Studies of PDAAQ

To understand the mechanics of the adsorption process, 
one must understand how dye molecules interact with the 
adsorbent surface and how long it takes for equilibrium 
to be attained. Figure  11a displays the plot of the dyes’ 
equilibrium concentration (Ce) in the solution against the 
amount of dyes adsorbed (qe). The nature and adsorption 
capability of MB and DY dye molecules on PDAAQ were 
examined using Langmuir and Freundlich isotherm models. 

Fig. 11  a Change in the quantity of dye adsorbed at equilibrium (qe) in relation to the dye’s equilibrium concentration (Ce) plot, b Langmuir iso-
therm model and c Freundlich isotherm model for MB and DY dyes
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surface’s active sites constitute the rate-limiting process 
[39]. This trend implies that rather than being controlled 
by the concentration gradient, the creation of chemical 
bonds or interactions mainly drives the adsorption process. 
According to the pseudo-second-order model, the number of 
sites and the adsorbate concentration determine the adsorp-
tion rate, leading to a slow approach to equilibrium as the 
sites get saturated. This behavior is explained by the strong 
hydrogen bonding and electrostatic interactions between 
the dye molecules and the functional groups found in the 
PDDAQ polymer [77]. Table 3 displays the values of k1, qe, 
and R2 as calculated by Eqs. 5 and 6.

Table  3 shows that the theoretical adsorption capacity 
(qe) for MB was 4.43 mg/g, and the first-order rate constant 
(k1) was 1.24  min−1. The second-order rate constant (k2) 
was marginally higher at 0.07  g× mg−1min−1, and qe was 
5.2 mg/g. The higher qe value in these data suggests a che-
misorption-dominated absorption process, and the second-
order kinetics yielded a better match [78]. A better fit for 
the second-order kinetics is suggested by the fact that the 
first-order k1 for DY was 0.92 min−1 with a qe of 22.2 mg/g, 
while the second-order k2 was 0.014 g× mg−1min−1 with a 
qe of 29.37  mg/g. The adsorption process appears slower 
but more persistent because of the higher qe and lower 

The KL of 111.1 L/g and the max of 3.6 mg/g in the Lang-
muir isotherm study for MB indicate a very high affinity of 
PDAAQ for MB, showing effective monolayer adsorption 
despite limited capacity [73]. A more significant amount of 
dye may be adsorbed but with less binding strength, accord-
ing to DY, whose higher max of 25.24 mg/g and lower KL 
of 1.77 L/g indicate better adsorption capacity with weaker 
affinity compared to MB [74]. The negative n1 value (−0.67) 
in the Freundlich isotherm data suggests non-favorable or 
inconsistent adsorption, indicating that MB adsorption does 
not fit well [75]. On the other hand, DY exhibits favorable 
and multilayer adsorption with a positive n1 value of 1.07. 
This disparity is further demonstrated by the KF values, 
which show that DY has a substantially greater adsorption 
capacity than MB [76]. These findings imply that PDAAQ 
is more effective in adsorbing DY than MB.

Kinetic studies were conducted to examine dye adsorp-
tion behavior. The adsorption process’s controlling kinetic 
mechanism was assessed using pseudo-first and pseudo-sec-
ond order equations. Figure 12 shows the pseudo-first and 
pseudo-second order graphs of MB and DY dyes.

When Fig. 12 is examined, it is seen that both dyes obey 
pseudo-second-order kinetics, suggesting that chemical 
interactions between the dye molecules and the polymer 

Table 2  Langmuir and Freundlich isotherm constants and Linear (R2) 
regression coefficient
MB DY
Langmuir Freundlich Langmuir Freundlich
qmax= 3.6 mg g−1 KF= 1.72 mg 

g−1
qmax = 25.24 mg 
g−1

KF= 45.82 
mg g−1

KL= 111.1 L g−1 1/n= −0.67 L 
g−1

KL= 1.77 L g−1 1/n = 1.07 L 
g−1

R2 = 0.98 R2 = 0.92 R2 = 0.82 R2 = 0.77

Table 3  Kinetics parameters
MB DY
Pseudo-first order Pseudo-second 

order
Pseudo-first 
order

Pseudo-sec-
ond order

k1 = 1.24 min−1 k2 = 0.07 g 
mg−1 min−1

k1 = 0.92 min−1 k2 = 0.014 g 
mg−1 min−1

qe=4.43 mg g−1 qe=5.2 mg g−1 qe= 22.2 mg g−1 qe= 29.37 
mg g−1

R2 = 0,98 R2 = 0,99 R2 = 0,99 R2 = 0,99

Fig. 12  a Pseudo-first order kinetic plot and b Pseudo-second order kinetic plot for the degradation of MB and DY
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SES solution was stirred for 90 min at 80  °C. SWW was 
obtained with dissolving dyes in SES. The SES solutions 
containing MB and DY were named MB-SWW and DY-
SWW, respectively. Moreover, to investigate the synergic 
effect of dyes, MB and DY dyes simultaneously dissolve in 
an SES medium with a molar ratio of 1:1 (MB + DY-SWW). 
The pH of the single dye solutions was adjusted to 10.5 for 
MB and 1 for DY (Fig.  8b). The pH of MB + DY-SWW 
was adjusted as pH 3 was the cut-off point of the curves in 
Fig. 8b.

Figure  14a shows the time-dependent change of the 
UV-vis absorbance spectrum of MB-SWW under visible 
light illumination in the presence of PDAAQ. MB-SWW 
was completely degraded after 12 min visible light illumi-
nation. At the same time, with the adsorption mechanism, 
MB-SWW decolorized 61.39% in the presence of PDAAQ 
under dark conditions.

The decrease of intensities of the characterization absor-
bance band of DY-SWW is given in Fig. 14b. The degra-
dation efficiency of DY-SWW reached 78.3% after 12 min 
visible light irradiation in the presence of PDAAQ. Under 
dark conditions, DY-SWW decolorized as 25.5% after 
12 min. Moreover, under 28 min visible light illuminations, 
the DY-SWW dye was completely degraded. The decreased 
degradation rate of MB-SWW and DY-SWW (solution 
prepared with SES) compared with model dye MB and 
DY (solution prepared with ultrapure water) may be attrib-
uted to the competitive adsorbance of ions [81]. Figure 14c 
indicates the change of the UV-vis absorbance spectrum 
of MB + DY-SWW under visible light illumination in the 
presence of PDAAQ. The UV-vis absorbance spectrum of 

k2, indicating a stronger chemical interaction between the 
adsorbent and DY than MB.

3.7  Photocatalysis Kinetics

Kinetic models are used to study the rate of the photocata-
lytic process and the potential rate-controlling phase. In this 
study, the kinetic data from batch trials have been evaluated 
using pseudo-first and pseudo-second-order models. This 
was accomplished by using 1.2 mg/mL and 0.6 mg/mL of 
photocatalyst, adjusting the pH of the solutions to 10.5 and 
1 for MB and DY, respectively, and allowing for reaction 
times of 2, 4, 6, and 8 min.

According to Fig. 13, the pseudo-first-order correlation 
coefficient values (R2) for first-order reactions are 0.99 for 
both dyes. Therefore, when comparing those models, the 
correlation coefficients obtained from the first-order model 
fit better than those for the second-order kinetics model, 
suggesting that pseudo-first-order kinetics was followed 
during the photodegradation process.

3.8  Photocatalytic Degradation of Synthetic Dye 
Effluent

The photocatalytic performance of PDAAQ polymer was 
also investigated in synthetic effluent solution (SES) envi-
ronments prepared with chemicals typically found in tex-
tile effluents [79, 80]. To stimulate the synthetic wastewater 
(SWW), firstly, SES stock solution was prepared by add-
ing 0.013  g starch, 0.0278  g sodium sulfate, and 0.028  g 
sodium phosphate into 1  L ultrapure water [79, 80]. The 

Fig. 13  The photocatalytic degradation of MB and DY under visible light is represented by the a first and b second-order kinetic models
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4  Conclusion

The conductive PDAAQ polymer was synthesized with 
chemical oxidative polymerization using an oxidant/ini-
tiator system. Under visible light irradiation, the produced 
PDAAQ polymer exhibits exceptional photocatalytic activ-
ity because it absorbs UV, visible, and near-infrared regions 
of the absorbance spectrum. This study provided the first 
comprehensive evaluation of PDAAQ’s photocatalytic 
capabilities, revealing its ability to completely degrade 
MB and DY dyes within 6 and 8 min, respectively, using 
an adsorption-assisted photocatalytic approach in the pres-
ence of 0.4 mg/ml photocatalyst. The degradation kinetics 
followed the Langmuir isotherm and pseudo-second-order 
models, suggesting monolayer adsorption and a chemisorp-
tion-controlled process. Scavenger experiments identified 
⋅O2

– as the primary reactive species, supported by h + and 
˙OH as secondary contributors.

Additionally, PDAAQ’s applicability in real-world sce-
narios was assessed using synthetic wastewater. Complete 
dye degradation was achieved for individual dyes, while 
mixed dye systems maintained significant degradation effi-
ciency. These findings suggest that the synthesized PDAAQ 

MB + DY-SWW contains the characteristic absorbance band 
of MB and DY. Under visible light illumination, the intensi-
ties of the characterization absorbance band of MB and DY 
dyes were simultaneously decreased. After 28 min visible 
light illumination, MB and DY dyes degraded as 49.3 and 
44.3%, respectively. The degradation rate of the MB and 
DY mixture in SWW is lower than that of the single dye in 
SWW and model dyes prepared with ultrapure water. The 
decrease in the photocatalytic reaction rate of MB + DY-
SWW can be attributed to the reaction of ions in SES with 
radical species involved in the photocatalytic mechanism. 
Also, potential competitive interactions between MB and 
DY dyes in the solution during adsorption and adsorption-
assisted photocatalytic degradation mechanism, which may 
affect their access to active sites on the photocatalyst sur-
face, ultimately leading to reduced photocatalytic efficiency 
for each dye when present in a mixed-dye system. Since 
the amount of photocatalyst was kept constant during these 
experiments, the degradation of each dye decreased com-
pared to the case of the dyes alone.

Fig. 14  Time-dependent UV-vis absorbance spectrum of a MB-SWW, b DY-SWW, and c MB + DY-SWW in the presence of PDAAQ under visible 
light irradiation (photocatalysts dosage: 0.4 mg/mL)

 

1 3

5527



Journal of Inorganic and Organometallic Polymers and Materials (2025) 35:5509–5530

Top. Catal. 67, 1101–1128 (2024). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​1​2​4​
4​-​0​2​4​-​0​1​9​6​6​-​0​​​​​​​

5.	 A. Nishat, M. Yusuf, A. Qadir et al., Wastewater treatment: a 
short assessment on available techniques. Alexandria Eng. J. 76, 
505–516 (2023)

6.	 H.N. Tran, (2023) Adsorption technology for water and wastewa-
ter treatments. Water (Switzerland) 15

7.	 D. Zioui, H. Salazar, L. Aoudjit et al., Polymer-based membranes 
for oily wastewater remediation. Polymers (Basel) (2020). ​h​t​t​​p​s​:​/​​
/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​/​p​o​l​y​m​1​2​0​1​0​0​4​2​​​​​​​

8.	 L. Aoudjit, E.L. Amine Nebbat, D. Zioui, (2023) Chitosan/ZnO 
nanocomposite membranes for removal of paracetamol from 
water

9.	 A. Akıllı, B. Haspulat Taymaz, A. Özler et al., Magnetic and visi-
ble light-induced novel green synthesized magnetic Co3O4 photo-
catalysts via sunflower seed meal extract for anionic and cationic 
dye removal by adsorption assisted photocatalytic degradation. 
Int. J. Phytorem. (2024). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​8​0​/​1​5​2​2​6​5​1​4​.​2​0​2​4​.​
2​4​1​6​9​9​8​​​​​​​

10.	 M. Salima, M. Youcef, T. Bouarroudj et al., Sunlight-assisted 
photocatalytic degradation of tartrazine in the presence of mg 
doped ZnS nanocatalysts. Solid State Sci. (2023). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​1​0​1​6​/​j​.​s​o​l​i​d​s​t​a​t​e​s​c​i​e​n​c​e​s​.​2​0​2​3​.​1​0​7​2​6​0​​​​​​​

11.	 K.S. Randhawa, Photocatalytic degradation of pollutants using 
advanced ceramics: materials, mechanism, synthesis, and appli-
cations. J. Inorg. Organomet. Polym. Mater. (2024). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​0​0​7​/​s​1​0​9​0​4​-​0​2​4​-​0​3​0​6​8​-​6​​​​​​​

12.	 A. Azam, T. Iqbal, Efficient fabrication of Cu-doped TiO2 
nanoparticles for enhanced visible light photocatalysis and anti-
microbial efficacy. J. Inorg. Organomet. Polym. Mater. (2024). 
https:/​/doi.or​g/10.10​07/s1​0904-024-03232-y

13.	 F. Saib, F.M. Laoui, L. Aoudjit et al., Physical and photo-elec-
trochemical characterization of Ca2Fe2O5 for metronidazole anti-
biotic degradation under sunlight. Opt. Mater. (Amst). (2024). 
https:/​/doi.or​g/10.10​16/j.​optmat.2023.114806

14.	 L. Aoudjit, D. Zioui, F. Touahra et al., Photocatalytic degradation 
of tartrazine dyes using TiO2–chitosan beads under sun light irra-
diation. Russ. J. Phys. Chem. A 95, 1069–1076 (2021). ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​1​1​3​4​/​S​0​0​3​6​0​2​4​4​2​1​0​5​0​0​3​4​​​​​​​

15.	 V. Van Tran, T.T.V. Nu, H.R. Jung, M. Chang, (2021) Advanced 
photocatalysts based on conducting polymer/metal oxide com-
posites for environmental applications. Polymers (Basel) 13

16.	 S. Jadoun, U. Riaz, J. Yáñez, N. Pal Singh Chauhan, (2021) 
Synthesis, characterization and potential applications of poly(o-
phenylenediamine) based copolymers and nanocomposites: a 
comprehensive review. Eur. Polym. J. 156

17.	 M. Demir, B.H. Taymaz, M. Sarıbel, H. Kamış, Photocatalytic 
degradation of organic dyes with magnetically separable PANI/
Fe3O4 composite under both UV and visible-light irradiation. 
ChemistrySelect (2022). https:/​/doi.or​g/10.10​02/sl​ct.202103787

18.	 S.A. Ahire, A.A. Bachhav, B.S. Jagdale et al., Amalgamation 
of ZrO2-PANI nanocomposite polymeric material: characteriza-
tion and expeditious photocatalytic performance towards carbol 
Fuchsin (CF) dye and kinetic study. J. Inorg. Organomet. Polym. 
Mater. 33, 1357–1368 (2023). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​0​7​/​s​1​0​9​0​4​-​0​2​
3​-​0​2​5​9​0​-​3​​​​​​​

19.	 A. Ledezma-Espinoza, L. Rodríguez-Quesada, M. Araya-Leitón 
et al., Modified cellulose/poly(3,4-ethylenedioxythiophene) com-
posite as photocatalyst for the removal of sulindac and carbam-
azepine from water. Environ. Technol. Innov. (2022). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​
o​​r​g​/​1​0​.​1​0​1​6​/​j​.​e​t​i​.​2​0​2​2​.​1​0​2​4​8​3​​​​​​​

20.	 B. Haspulat Taymaz, A novel Ppy/ZnO@Co ternary nanocom-
posite with enhanced visible light-driven photocatalytic perfor-
mance. J. Taiwan. Inst. Chem. Eng. (2023). ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​
6​/​j​.​j​t​i​c​e​.​2​0​2​3​.​1​0​4​7​4​1​​​​​​​

demonstrates strong potential for practical application in 
real wastewater treatment with super photocatalytic perfor-
mance where multiple dye contaminants are also present.
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