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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Donor-acceptor TPA-TAZ HPP was 
developed for adsorption and photo
catalytic degradation of organic dyes.

• The TPA-TAZ HPP demonstrated excel
lent rapid removal efficiencies of 
approximately 99 % for both RhB and 
MB within 5 mins.

• The TPA-TAZ HPP exhibited adsorption 
capacities of up to 951 mg g–1 for RhB 
and 858 mg g–1 for MB.

• The TPA-TAZ HPP exhibited excellent 
photocatalytic degradation of RhB and 
MB, respectively.
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A B S T R A C T

Pigments and dyes are prevalent water contaminants, necessitating effective treatment methods. Hyper
crosslinked porous polymers (HPPs), known for their high surface area and abundant micropores, effectively 
adsorb dye molecules and facilitate their degradation under light, making them a highly attractive solution. 
Herein, we synthesized donor-acceptor (DA) based TPA-TAZ HPP through Friedel− Crafts polymerization of 
triphenylamine as a donor and 2,4,6-trichloro-1,3,5-triazine (TCT) as an acceptor for adsorption and photo- 
degradation of Rhodamine B (RhB) and methylene blue (MB). The resulting TPA-TAZ HPP exhibits an impres
sive surface area of 1823 m2 g–1, significant thermal stabilities (Td5: 663 ◦C, Td10: 674 ◦C, char yield: 75 wt%), 
and a small band gap of up to 2.04 eV. The porous framework, abundant adsorption sites, and electronegative 
characteristics of TPA-TAZ HPP enable it to achieve outstanding adsorption performance. It demonstrated 
removal efficiencies of nearly 99 % for both RhB and MB within 5 minutes, with remarkable adsorption ca
pacities of up to 951 mg g–1 for RhB and 858 mg g–1 for MB at ambient temperature. Additionally, TPA-TAZ HPP 
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exhibited exceptional photocatalytic degradation efficiencies, achieving up to 88 % for RhB and 96 % for MB, 
with reaction rate constants of 5.78 × 10 –2 min–1 and 9.62 × 10–2 min–1, respectively. The superior performance 
of TPA-TAZ HPP can be attributed to its high surface area, small band gap, and donor-acceptor framework, which 
collectively facilitate efficient charge transfer, thereby enhancing both adsorption and photocatalytic degrada
tion. Our findings suggest that this research could guide the effective design of donor–acceptor-based HPPs as 
promising photocatalysts for a wide range of photocatalytic applications.

1. Introduction

The advancement of pharmaceutical sectors in recent years has 
produced substantial contaminants that result in worldwide pollution of 
surrounding water and pose significant threats to the ecosystem and our 
health [1–5]. Organic dyes are the most prevalent and detrimental due 
to their extensive use in the printing, fabric, beauty products, wood, and 
pigment industries, as well as their irreversible harm to the human 
reproductive system, potentially elevating the risk of cancer [6–10]. 
Consequently, the purification of water, particularly the effective elim
ination of dyes, has emerged as a pressing issue necessitating collabo
rative efforts from scientists globally. At present, many removal methods 
such as photocatalysis [11,12], membrane filtering [13,14], biological 
therapy [15,16], and adsorption [17,18] have been implemented. 
Adsorption has garnered increasing global interest and acknowledgment 
due to its distinctive features, such as excellent elimination rate, cheap 
price, and ease [19]. The predominant adsorbents are porous sub
stances, including porous organic polymers (POPs) [20], metal-organic 
frameworks (MOFs) [21], activated carbons [22], and bio-composite 
microspheres [23]. Nonetheless, the drawbacks, such as synthesis 
challenges, elevated costs, instability, poor adsorption efficiency, and 
capacity, have significantly hindered the advancement of the afore
mentioned adsorbents. Therefore, investigating innovative porous ad
sorbents characterized by ease of manufacture, cost-effectiveness, 
elevated adsorption efficiency, and recycling should be a prioritized 
research focus.

POPs are a novel category of porous materials that have garnered 
significant interest in both academic and industrial sectors. Due to their 
remarkable attributes, including synthetic variety, extensive specific 
surface area, substantial pore volume, exceptional thermal and chemical 
durability, ease of functionalization, high porosity, varied composition, 
and low density [24–28]. Hypercrosslinked porous polymers (HPPs) are 
classified as a type of POPs and are significant due to their benefits, 
which encompass facile functionalization, strategic monomer selection, 
elevated surface area, regulated reaction conditions, diverse synthetic 
methods, exceptional thermal stability, economical reagents, remark
able chemical resilience, and suitable crosslinker lengths to yield porous 
structures with a well-defined polymer framework [29–33]. The Frie
del–Crafts chemistry approach is primarily used to synthesize HPPs, 
facilitating rapid kinetics to establish robust links and yielding a strongly 
crosslinked network with tailored porosity structure. Consequently, 
HCPs may serve as effective photocatalysts in diverse chemical pro
cesses, including photodegradation and photocatalytic water splitting 
[34–37]. The dual roles of HPPs photocatalysts and adsorbents for the 
removal of dyes can enhance their efficacy in wastewater treatment; 
however, the efforts continue to face challenges in optimizing the 
properties of HCPs to accommodate these dual functions with increased 
kinetic rates. The utilization of POPs as photocatalysts is restricted by 
elevated exciton binding energies and diminished charge carrier trans
port, leading to inadequate photocatalytic performance [38–40]. 
Nonetheless, these issues are tackled if donor-acceptor (D-A) framework 
polymers with intrinsic microporosity (POPs) are synthesized. The 
synthesis of D-A-based POP could be very effective owing to its capacity 
to exhibit intramolecular transfer charges induced by photonics inter
action, rendering it appropriate for photocatalysis [41–43]. The inte
gration of donor-acceptor moieties improves charge dissociation by 
diminishing exciton binding strength, resulting in an improvement in 

catalysis [44,45]. POPs have been examined for their ability to photo
catalytically degrade organic contaminants [46–48]. Consequently, the 
development of environmentally acceptable donor and acceptor POPs 
for the photocatalytic degradation of the organic colors in water remains 
a challenge.

2,4,6-Trichloro-1,3,5-triazine (TCT), referred to as cyanuric chlo
ride, is an intriguing chemical that mimics aromatic benzene, including 
alternating carbon and nitrogen atoms with three chlorine substituents 
on the carbon atoms. The prevalence of the basic triazine group (elec
tron acceptor) facilitates diverse interactions with pollutants, making 
them a viable and regenerating polymer for many applications, 
including photocatalysts and absorbents [49]. Triphenylamine (TPA) 
derivatives (electron donor) exhibit exceptional characteristics, 
including increased aromaticity, redox capabilities, enhanced charge 
carrier mobility, and notable electronic properties. TPA-based POPs 
have strong performance in adsorption or photocatalysis [50]. To our 
knowledge, the photophysical characteristics of TPA-TAZ (D-A) based 
HPP have not been documented. Connecting with electron-rich mono
mers may create donor-acceptor complexes, enhancing the electrical 
and photophysical characteristics. Moreover, their adsorption properties 
and photocatalytic efficacy for the elimination of organic dyes have not 
been previously evaluated. Herein, we successfully synthesized HPP by 
Friedel− Crafts polymerization of TPA and TCT using FeCl3 to afford 
TPA-TAZ HPP [Fig. 1 (a)]. The TPA-TAZ HPP was further utilized for 
adsorption and photodegradation of rhodamine B (RhB) and methylene 
blue (MB).

2. Materials

Triphenylamine (TPA), 2,4,6-trichloro-1,3,5-triazine (TCT), anhy
drous ferric chloride (FeCl3), and methanesulfonic acid (CH3SO3H) were 
purchased from Sigma Aldrich. Tetrahydrofuran (THF), 1,2-dichloro
benzene (DCB), acetone, and methanol were purchased from Acros.

2.1. Synthesis of TPA-TAZ HPP

TPA (0.7 g, 0.0028 mmol), TCT (1.6 g, 0.0086 mmol), and FeCl3 
(1.76 g, 0.010 mmol) were added to a reaction flask and evacuated 
under vacuum with nitrogen four times to remove any residual air. 
Subsequently, 40 mL of dichlorobenzene was introduced into the flask, 
and the reaction mixture was refluxed under N2 for three days. After 
completion, the reaction mixture was allowed to cool, and the resulting 
solid product was collected by filtration and sequentially washed with 
tetrahydrofuran (THF), methanol, and acetone to remove any unreacted 
reagents or by-products. The solid was then dispersed in methanol and 
stirred at 70 ◦C for 1 hr to enhance purification. Finally, the solid was 
filtered and dried, yielding TPA-TAZ HPP as a fine powder (0.5 g, 86 %).

2.2. Dyes adsorption

The RhB and MB can be conveniently monitored using a standard 
UV–visible spectrophotometer, they were used to study the adsorption 
performance of TPA-TAZ HPP [51]. Firstly, 2 mg of TPA-TAZ HPP to 
10 mL of dye solution (50 mg L–1), which was then gently stirred at 
1000 rpm with a pH of 7 and a temperature of 298 K. Using a centrifuge 
set at 4000 rpm for 5 minutes, we monitored the dyes concentration 
changes at regular intervals after the separation of TPA-TAZ HPP. 
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Kinetic isotherm curves were computed based on different dye con
centrations (50–300 mg L–1). As a result, 10 mL of a certain dye con
centration was mixed with 2 mg of TPA-TAZ HPP separately, and the 
mixture was stirred for 24 hours. The kinetics and adsorption isotherms 
were realistically investigated using Langmuir models. The Langmuir 
isothermal model was used to determine the adsorption isotherms, 
which is shown in Equation S1.

2.3. Dyes photodegradation

Photodegradation experiments were conducted by dispersing 3 mg 
of TPA-TAZ HPP in 60 mL of an aqueous dye solution (75 mg L⁻¹). The 
solution was stirred at 500 rpm in the dark for five hours to reach 

adsorption equilibrium. Subsequently, the mixture was exposed to 
visible light at room temperature for 330 minutes. Throughout the 
experiment, the concentration of the dye was monitored over time using 
UV-spectroscopy after separating the TPA-TAZ HPP [52]. A 450 nm 
optical filter was placed in front of the xenon lamp to eliminate 
UV-induced dye degradation, ensuring that only visible light contrib
uted to the reaction. The distance between the light source and the dye 
solution was strictly maintained at 5 cm to ensure consistent irradiation 
intensity. Control experiments confirmed that dyes did not undergo 
degradation in the absence of either the TPA-TAZ HPP photocatalyst or 
visible light, demonstrating that both factors are essential for the pho
tocatalytic process.

Fig. 1. (a) Synthesis route for TPA-TAZ HPP. (b) FTIR, (c) solid-state 13C NMR, and (d) TGA profile of TPA-TAZ HPP. (e) XPS survey, (f) C 1 s, and (g) N 1 s spectra of 
TPA-TAZ HPP.
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3. Results and discussion

3.1. Synthesis and characterization of TPA-TAZ HPP

The synthesis of TPA-TAZ HPP was synthesized via a Friedel–Crafts 
alkylation reaction between triphenylamine (TPA) and TCT in the 
presence of FeCl3, methanesulfonic acid, and dichlorobenzene under 
reflux at 140 ◦C for three days [Fig. 1(a)]. The structure of TPA-TAZ HPP 
was confirmed using FTIR and solid-state NMR spectroscopy. In the FTIR 
spectrum, the characteristic absorption peaks were noticed at 3028 cm⁻1 

(aromatic C–H stretching), 1600 cm⁻1 (C––N stretching), 1489 cm⁻1 

(C––C stretching), 1320 cm⁻1 (C–N stretching), and 816 cm⁻1 (C–H 
bending of the triazine unit). Additionally, a broad peak at 3430 cm⁻1 

indicates water adsorption due to the porous nature of TPA-TAZ HPP 
[Fig. 1(b)]. Solid-state 13C NMR spectroscopy further confirmed the 
successful polymerization and high crosslinking density of TPA-TAZ 
HPP. The signals observed in the range of 120–139 ppm correspond to 
aromatic carbons, while peaks at 178 ppm and 148 ppm are attributed 
to C––N and C–N units, respectively, providing clear evidence of the 
presence of triazine groups within the polymer network [Fig. 1(c)].

The thermal stability of TPA-TAZ HPP was examined using ther
mogravimetric analysis (TGA). The TPA-TAZ HPP exhibited exceptional 
thermal resistance, with decomposition temperatures (Td5 and Td10) of 
663 ◦C and 674 ◦C, respectively, and a high char yield of 75 wt% at 800 
◦C [Fig. 1(d)]. This exceptional stability is attributed to the high cross
linking density of the monomers (TPA and TCT), the presence of ther
mally robust triazine units, and the rigid aromatic framework. X-ray 
diffraction (XRD) analysis revealed that TPA-TAZ HPP is amorphous in 
nature [Figure S1]. Further insights into the elemental composition were 
obtained through X-ray photoelectron spectroscopy (XPS) [Fig. 1(e)]. 
The C1s spectrum displayed three distinct peaks at 283.4 eV, 284.4 eV, 
and 285.24 eV, corresponding to C––C, C––N (triazine group), and C–N 
bonds, respectively [Fig. 1(f)]. The N1s spectrum showed two peaks at 
400.76 eV and 401.37 eV, which can be assigned to N = C (aromatic 
triazine group) and N-(C)3 linkages, respectively [53] [Fig. 1(g)]. These 
XPS results further confirm the successful synthesis of TPA-TAZ HPP.

The high surface area of POPs plays a critical role in enhancing their 
adsorption and photocatalytic performance. This is primarily due to the 
increased exposure of active sites and the facilitation of efficient charge 
transfer processes. To evaluate the porosity of TPA-TAZ HPP, nitrogen 
(N2) adsorption-desorption isotherms were measured at 77 K [Figs. 2(a) 
and 2(b)]. The resulting isotherm exhibited a Type IV curve with an H2 
hysteresis loop, as classified by IUPAC [Fig. 2(a)]. This hysteresis loop is 
indicative of the material’s unique pore structure, characterized by large 
cavities connected by narrow channels, often referred to as "ink-bottle" 
pores [54]. The steep adsorption and delayed desorption observed in the 
isotherm are consistent with this pore morphology, where nitrogen 
molecules are initially trapped in the larger cavities and subsequently 
released through the narrower necks [55]. The N2 adsorption-desorption 
isotherm also revealed a rapid uptake of nitrogen at both low and high 
relative pressures, pointing to the existence of microporous and meso
porous features within the TPA-TAZ HPP framework [Fig. 2(a)]. The 
Brunauer-Emmett-Teller (BET) surface area of TPA-TAZ HPP was 
determined to be 1823 m2 g ⁻1, with two distinct, narrow peaks at 1.14 
and 1.83 nm, and a pore volume of 2.05 cm3 g⁻1 [Fig. 2(b)]. These 
values indicate that TPA-TAZ HPP is predominantly microporous, with a 
complex pore morphology that contributes to its high surface area. Such 
characteristics are often observed in materials with hierarchical porosity 
or highly interconnected network structures. The bulky, non-planar 
structure of TPA plays a significant role in enhancing the material’s 
porosity. The three phenyl groups attached to the central nitrogen atom 
create steric hindrance, which prevents dense packing and promotes the 
formation of open, porous frameworks. This structural feature disrupts 
π–π stacking interactions, which are common in planar aromatic sys
tems, thereby increasing the accessibility of voids and improving overall 
porosity [56]. Additionally, TPA’s electron-donating properties enhance 
its reactivity in Friedel–Crafts reactions, enabling efficient cross-linking 
with tricarbonyl chloride (TCT). The combination of steric effects and 
reactivity results in a highly interconnected, crosslinked network. This 
increased cross-linking density generates a complex three-dimensional 
architecture, further amplifying the material’s surface area. The 
morphology of TPA-TAZ HPP was further investigated using scanning 

Fig. 2. (a) N2 adsorption/desorption isotherms, (b) pore size (c-d) SEM, and (e-f) TEM images of TPA-TAZ HPP.
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electron microscopy (SEM) and transmission electron microscopy (TEM) 
[Figs. 2(c) and 2(f)]. The SEM and TEM images revealed that the ma
terial is composed of aggregated spherical particles, which contribute to 
its high surface area and microporous nature. SEM mapping confirmed 
the uniform distribution of carbon (C) and nitrogen (N) throughout the 
TPA-TAZ HPP structure, as illustrated in Figure S2. In summary, the high 
surface area, hierarchical porosity, and interconnected network of 
TPA-TAZ HPP are attributed to the steric effects of TPA, its 
electron-donating properties, and the efficient cross-linking with TCT. 
These features make TPA-TAZ HPP a promising material for applications 
in adsorption and photocatalysis, where high surface area and efficient 
charge transfer are critical.

3.2. Optical properties of TPA-TAZ HPP

The photocatalytic efficiency of light-absorbing polymers is highly 
dependent on their physicochemical properties, particularly their ability 
to capture and utilize light energy [57]. Consequently, the optical 
properties of TPA-TAZ HPP were evaluated using UV–Visible spectros
copy and photoluminescence (PL) analysis [Fig. 3]. The UV–Visible 
absorption spectra revealed that TPA-TAZ HPP exhibits a strong 
visible-light absorption capability, with an absorption onset at 396 nm 
and an extended absorption tail reaching up to 800 nm [Fig. 3(a)]. This 
broad absorption range suggests that TPA-TAZ HPP can efficiently 
harness visible radiation, potentially enhancing its photocatalytic ac
tivity. Photocatalysis relies on the generation, separation, and migration 
of photo-induced electron-hole pairs. To further assess the electronic 
properties of TPA-TAZ HPP, the PL spectrum was recorded, showing a 
pronounced fluorescence peak at 466 nm [Fig. 3(b)]. Additionally, the 
optical band gap plays an important part in determining the extent of 
light absorption. Density functional theory (DFT) calculations were 
carried out to estimate the highest occupied molecular orbital (HOMO), 
lowest unoccupied molecular orbital (LUMO), and overall band gap 
energy of TPA-TAZ HPP [Fig. 3(c)]. The obtained values were − 2.65 eV 
(HOMO), − 0.61 eV (LUMO), and 2.04 eV (band gap). The relatively 
small band gap of TPA-TAZ HPP facilitates efficient visible-light ab
sorption, which can enhance the degradation of organic dyes [58].

3.3. Dye adsorption performance of TPA-TAZ HPP

The adsorption of organic contaminants in aquatic environments can 
be influenced by several factors, including the existence of nitrogen- 
functionalized moieties, high charge density, and amine groups on the 
adsorbent materials. These features enhance the physical and chemical 
interactions between the sorbent and the contaminants. The active sites 
in polymers, which have enriched nitrogen moieties, strengthen the 
interaction among the dyes and the polymer. This interaction is 

stabilized by various non-covalent bonds [59]. POPs are known for their 
significant surface areas and porous structures, which facilitate the 
adsorption of dyes [60]. Our synthesized TPA-TAZ HPP demonstrates 
exceptional porosity, with surface areas reaching up to 1823 m2 g–1 and 
pore volumes as large as 2.05 cm3 g–1. We believe that TPA-TAZ HPP 
will serve as an effective organic adsorbent for removing harmful 
compounds from aquatic environments, a method that has proven more 
effective than other strategies. To assess the adsorption efficiency of 
TPA-TAZ HPP, we used synthetic dyes like rhodamine B (RhB) and 
methylene blue (MB) as model guest molecules at pH 7 and 298 K. The 
effectiveness of TPA-TAZ HPP in adsorbing RhB and MB was evaluated 
by monitoring the UV spectra. We concentrated on peak tracking vari
ations in the highest adsorption peak at different time intervals (from 
0 to 5 minutes) after adding 2 mg of TPA-TAZ HPP, stirred at 1000 rpm. 
The removal efficiency for RhB was 72.9 % and for MB was 69 % after 
stirring for 1 minute [Figs. 4(a) and 4(b)]. These values increased to 
98 % for RhB and 95.8 % for MB after 4 minutes. A clear solution was 
observed for RhB after 5 minutes, while for MB, it took 6 minutes. This 
demonstrates that TPA-TAZ HPP exhibited excellent rapid adsorption 
performance for removing organic dyes from water [Figs. 4(c) and 4(d)]. 
Investigating adsorption isotherm models provides valuable insight into 
the adsorption behavior and performance of the adsorbent. Therefore, 
the RhB and MB solutions with concentrations ranging from 
150–300 mg L⁻¹ were prepared for adsorption analysis. For each con
centration, 10 mL of the dye solution was combined with 2 mg of 
TPA-TAZ HPP and stirred continuously for 24 hours at a constant tem
perature to ensure equilibrium. The remaining dye concentration in 
each sample was quantified using UV–visible spectroscopy. The varia
tion in adsorption capacity (Qₑ) relative to equilibrium concentration 
(Cₑ) for both dyes interacting with TPA-TAZ HPP is illustrated in Figs. 4
(e) and 4(f). A clear trend emerged, showing that higher initial dye 
concentrations resulted in greater adsorption capacities, which gradu
ally stabilized as Cₑ increased. This can be attributed to the intensified 
concentration gradient at elevated dye levels, which improves molecular 
diffusion towards the TPA-TAZ HPP surface. Consequently, more dye 
molecules became adsorbed, confirming the strong affinity and 
adsorption efficiency of TPA-TAZ HPP for removing RhB and MB from 
water. The adsorption kinetics of the dyes by TPA-TAZ HPP were 
analyzed using the Langmuir isothermal model, and the comprehensive 
data is summarized in Table S1. The linear fitting of the Langmuir model 
showed high correlation coefficients (R²) of 0.9998 for RhB and 0.9960 
for MB [Fig. 4(e)]. TPA-TAZ HPP achieved maximum adsorption ca
pacities (Qm) of 951 mg/g for RhB and 858 mg/g for MB, with RL values 
of 0.9762 and 0.9883, respectively [Fig. 4 (f)]. The adsorption capacities 
of our synthesized TPA-TAZ HPP towards RhB and MB are equivalent to, 
and in some cases exceed the maximum adsorption capacities of several 
previously reported porous materials (Table S2). The excellent 

Fig. 3. (a) UV-Vis, and (b) PL spectra of TPA-TAZ HPP. (c) The schematic diagram for calculating the band gap of TPA-TAZ HPP.
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adsorption properties of TPA-TAZ HPP are linked to various aspects, 
such as its high surface area, porosity, and both chemical and physical 
interactions, including π-π stacking with the dyes [61].

Boosting an adsorbent’s pore volume and surface area has been 
shown to enhance the removal efficiency of organic dyes. The BET 
surface area of TPA-TAZ HPP is remarkably high (1823 m² g⁻¹), with a 
total pore volume of 2.05 cm3 g⁻¹ . The pore size distribution shows two 
narrow peaks at 1.14 and 1.83 nm, indicating hierarchical porosity. 
Despite the relatively large molecular size of RhB (~1.5–2.0 nm), the 
material demonstrates effective adsorption. This is primarily due to the 
hierarchical porosity of TPA-TAZ HPP, which facilitates better pore 
accessibility. While the 1.14 nm pores may partially restrict RhB diffu
sion, the presence of larger pores (1.83 nm) and possible interparticle 
voids or structural irregularities enables dye molecules to access internal 
active sites. In this context, the hierarchical pore structure plays a 
dominant role in overcoming size exclusion limitations, allowing for 
efficient adsorption of even bulky dyes. In contrast, MB has a smaller 
molecular size (~1.3 nm), which fits well within the pore size range of 
TPA-TAZ HPP. In both cases, the exceptionally high surface area pro
vides many active adsorption sites, significantly enhancing the dye up
take capacity. Even if some micropores are not fully accessible to RhB, 
the synergy of hierarchical porosity and high surface area ensures strong 
adsorption performance for both dyes. In summary, the hierarchical 
porous structure of TPA-TAZ HPP facilitates efficient diffusion and 
adsorption of both RhB and MB, while the high surface area further 
amplifies the adsorption capacity by offering plentiful active sites. This 
makes TPA-TAZ HPP a highly effective adsorbent for a range of organic 
dyes, regardless of their molecular size. Previous studies have indicated 
that enhanced adsorption is often a result of increased π-π stacking in
teractions among the dyes and the adsorbent [46,57]. In this case, the 
aromatic triphenylamine and triazine units in TPA-TAZ HPP contribute 
significantly to its dye removal effectiveness. These units form stable 
and durable aromatic π-π stacking with dye molecules. To further 

investigate this interaction, we performed FTIR analysis before and after 
adsorption to explore the π-π stacking between TPA-TAZ HPP and the 
dyes (RhB and MB). Figures S3 and S4 illustrate that there are no sig
nificant alterations in the FTIR bands, a minor shift in the wavenumbers, 
thereby corroborating our prior assumption regarding the existence of 
interfacial contact (π-π stacking) among the adsorbent and dye mole
cules. Furthermore, the varying adsorption capabilities of TPA-TAZ HPP 
for dyes are attributable to the distinct molecular sizes of RhB (1.59 ×

1.18 × 0.56 nm3) and MB (1.26 × 0.77 × 0.65 nm3). Due to its smaller 
size, MB is unable to be retained and may readily exit the pores, resulting 
in the lowest adsorption capacity of RhB. The bigger RhB molecules 
might block micropores and adhere to mesopores, leading to increased 
adsorption capabilities [61].

The adsorption behavior of Rhodamine B (RhB) and Methylene Blue 
(MB) was investigated at varying pH levels (2, 4, 6, and 7). For each 
experiment, 2 mg of TPA-TAZ HPP was dispersed in 10 mL of an 
aqueous dye solution (300 mg L⁻¹) and stirred gently at 1000 rpm for 
24 hours at 298 K. The pH was adjusted accordingly, with pH 7 used as 
the reference condition [Figure S5]. Findings indicated a progressive 
improvement in adsorption efficiency as pH increased, peaking at pH 7. 
This trend can be attributed to two reasons: alterations in adsorbent 
surface charge and transformation in dye molecular properties. Under 
acidic conditions (low pH), the adsorbent surface undergoes significant 
protonation, acquiring a positive charge. Consequently, electrostatic 
repulsion occurs between the cationic dyes and the positively charged 
adsorbent, hindering adsorption. At higher pH levels, protonation di
minishes, leading to a neutral or negatively charged surface. This change 
assists in electrostatic attraction, boosting dye uptake. Furthermore, the 
molecular state of Rhodamine B is pH-dependent. In acidic environ
ments, it may adopt a zwitterionic or lactone configuration, weakening 
its adsorption affinity [10,17]. Near-neutral pH, however, it primarily 
exists in a cationic form, strengthening its interaction with the adsor
bent. Methylene Blue, a permanently cationic heterocyclic compound, 

Fig. 4. (a) UV-Vis spectra of RhB dye solution, (b) UV-Vis Spectra of MB dye solution at different time intervals by adding TPA-TAZ HPP, (c) adsorption rates of RhB 
dye, (d) adsorption rates of MB dye, (e) adsorption isothermal curves of dyes onto TPA-TAZ HPP and (f) Langmuir isothermal models of dyes adsorption onto TPA- 
TAZ HPP.
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exhibits a consistent positive charge but responds to surface charge 
variations. Its planar geometry and fixed cationic nature enhance 
adsorption as the adsorbent becomes more negatively charged at 
elevated pH. Ultimately, the synergistic influence of optimized surface 
charge and dye structural changes at higher pH levels maximizes 
adsorption efficiency at pH 7.

3.4. Photodegradation performance of TPA-TAZ HPP

Taking advantage of TPA-TAZ HPP’s high surface areas, good 
porosity, photophysical properties, and narrow band gap, the photo
catalytic activity was tested for degradation of RhB and MB in water 
through visible light. Control experiments were conducted to confirm 
the photocatalytic nature of the degradation. To ensure sufficient 
interaction between the adsorbent and dye molecules, we allowed the 
mixture to undergo adsorption in the dark for 5 hours before light 
irradiation [Figure S6]. This duration was selected to ensure that 
adsorption equilibrium was fully established under these experimental 
conditions. After 5 hours, dye molecules remained in the solution, 
indicating that adsorption alone could not achieve complete removal. 
Therefore, photodegradation was initiated to eliminate the residual 
dyes. When exposed to visible light (> 450 nm) for 120 minutes, the 
photodegradation efficiencies of RhB and MB on the TPA-TAZ HPP were 
found to be 47 % and 62 %, respectively [Figs. 5(a) and 5(b)]. The TPA- 
TAZ HPP demonstrated almost the degradation of RhB and MB mole
cules in 330 minutes [Fig. 5(c)], with photodegradation efficiencies of 
88 % and 96 %, respectively [Fig. 5(e)]. The variation in degradation 
rates among the dyes may be attributed to their distinct molecular 
structures and adsorption characteristics on the photocatalyst [52]. 
Additionally, photocatalytic experiments using the individual compo
nents TPA and TCT were conducted under identical conditions for the 
degradation of methylene blue (MB). Both TPA and TCT exhibited 
significantly lower adsorption and degradation efficiencies compared to 
the synthesized TPA-TAZ HPP, highlighting the synergistic effect in the 

crosslinked framework [Figure S7]. Upon exposure to visible light 
(>450 nm) for 300 minutes, the photodegradation efficiencies of TPA 
and TAZ were found to be 38.1 % and 27.8 %, respectively, which are 
substantially lower than TPA-TAZ HPP under the same conditions. The 
inferior performance of the individual components can be attributed to 
their relatively low porosity and limited surface area, which restricts 
their dye adsorption capacities. In contrast, the crosslinked TPA-TAZ 
HPP exhibits a high surface area (1800 m²/g), enhancing dye adsorp
tion and facilitating efficient photocatalytic degradation. These results 
confirm that the superior photocatalytic performance of the HPP arises 
from both the synergistic interaction between TPA and TCT and the 
enhanced porosity of the resulting framework. These findings show that 
the recently synthesized TPA-TAZ HPP has exceptional photocatalytic 
properties for breaking down MB and RhB in the presence of visible 
light. High surface area, lower band gap, and a donor-acceptor frame
work are believed to be responsible for the enhanced performance of 
RhB and MB photodegradation over TPA-TAZ HPP. The increase of 
active sites may be accelerated by the large surface area. As a result, a 
large surface area (1823 m2 g − 1) with amorphous structures may 
generate high defect concentrations, which in turn improve exciton 
dissociation and increase polymer photocatalytic performance. 
Furthermore, under the influence of light, holes and electrons may be 
produced in semiconductors during photocatalytic reactions. However, 
the photocatalysis process was significantly hampered by the quick 
recombination of electrons and holes. The donor-acceptor system 
generated an internal electric field inside the photocatalyst, facilitating 
the dissociation of excitons into free electrons and holes [47]. Therefore, 
TPA-TAZ HPP, having a donor-acceptor configuration, can efficiently 
promote photodegradation efficiency. The role of the donor-acceptor 
framework in charge separation and transfer was further proven by 
Time-resolved photoluminescence (TRPL) measurements. We conduct
ed TRPL measurements on the individual donor (TPA) and acceptor 
(TCT) monomers, as well as the resulting polymer (TPA-TAZ HPP) 
[Figure S8]. The TRPL analysis revealed that TPA exhibited a longer PL 

Fig. 5. (a) UV-Vis spectra of photocatalytic degradation of RhB, (b) UV-Vis spectra of photocatalytic degradation of MB dye solution at different time intervals by 
adding TPA-TAZ HPP, (c) photocatalytic rates of dyes, (d) Pseudo-first-order kinetic curves for the photodegradation for dyes, (e) photodegradation efficiencies of 
dyes and (f) photodegradation cycling of dyes.
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decay lifetime, whereas the acceptor monomer displayed a significantly 
shorter lifetime. Notably, the TPA-TAZ HPP demonstrated an interme
diate lifetime, positioned between those of the TPA and TCT. This 
observation suggests a synergistic interaction between the TPA and TCT 
units within the TPA-TAZ HPP backbone. The intermediate decay life
time of the TPA-TAZ HPP implies that photoexcitation induces partial 
charge separation due to the donor-acceptor structural arrangement. 
This leads to suppressed radiative recombination compared to the donor 
monomer, yet not as rapid as the quenching observed in the acceptor. 
These findings support the presence of intramolecular charge transfer 
interactions within the polymer, which enhance charge separation ef
ficiency relative to the isolated monomers. The Langmuir–Hinshelwood 
model (ln(Co/Ct) = kt) was used to carry out and evaluate the kinetic 
study of the photocatalytic degradation of TPA-TAZ HPP. In this model, 
Co denotes the initial concentration of the dyes, Ct denotes the dye 
concentration at time t (min), k is the reaction rate constant, and t is the 
duration (min) of UV–vis light irradiation. The Langmuir-Hinshelwood 
models for RhB and MB were fitted using pseudo-first-order kinetics, 
as shown in [Fig. 5(d)]. Linear plots are shown when displaying − ln 
(Co/Ct) against t, with correlation coefficients (R2) of around 0.9700 for 
the RhB and 0.9914 for the MB. The reaction rate constant for RhB was 
5.78 × 10− 2 min− 1 and for MB it was 9.62 × 10− 2 min− 1, demonstrating 
TPA-TAZ HPP has better photocatalytic performance for MB than RhB 
[Figs. 5(c) and 5(e)]. These results show our novel TPA-TAZ HPP ex
hibits the highest reaction rate constant for dyes than other reported 
photocatalyst as Py-CMP-1 (2 ×10− 2 min− 1) [46], Py-CMP-2 (3.4 ×10− 2 

min− 1) [46], TFP-BF 3DCOF (1.5 ×10− 2 min− 1) [48], TFP-Py 3D COF 
(1.1 ×10− 2 min− 1) [48], Bi4Ti3O12 (1.6 ×10− 2 min− 1) [52], TPPDA-Py 
CMP (3.3 ×10− 2 min− 1) [57], and TPPDA-TBP CMP (2.1 ×10− 2 

min− 1) [57]. Recycling and recycling was crucial for controlling sec
ondary pollutants and for economic use. The reusability of TPA-TAZ 
HPP in RhB and MB degradation was therefore examined across ten 
cycles in similar conditions. Strong photocatalytic activity was main
tained by the TPA-TAZ HPP, which reduced MB by 8.78 % and RhB by 

7.77 % [Fig. 5(f)]. Furthermore, FTIR spectra recorded before and after 
photodegradation showed no significant changes in the characteristic 
bands, with only minor shifts in wavenumbers. These observations 
support our earlier assumption regarding the presence of interfacial π–π 
stacking interactions between the adsorbent and dye molecules 
[Figure S9].

A detailed analysis of TPA-TAZ HPP was conducted to identify the 
reactive radicals involved in its photodegradation process. The proposed 
mechanism is illustrated in [Fig. 6 (a)]. Upon light irradiation, electrons 
in TPA-TAZ HPP are excited to the LUMO, while positive charges remain 
in the HOMO. These electrons can react with O2 to generate •O2 radicals 
[62,63]. The photogenerated holes in the HOMO exhibit strong oxida
tion potential to produce •OH radicals, directly contributing to the 
photocatalytic degradation of RhB and MB [63]. Additionally, •OH 
radicals may also form through a two-electron oxidation process 
involving electrons in the LUMO, as reported in previous studies. The 
activated oxygen species (•O2) can further interact with electrons to 
produce •OH radicals. The overall reaction pathway is summarized in 
the following Eqs. (1–6)→. 

TPA-HPP + Sunlight → e+ + H+ (1)

H2O → O2 + H+ (2)

O2 + e– → •O2⁻                                                                              (3)

•O2⁻ + e– + H2O → •OH + OH–                                                     (4)

Dyes + •O2⁻/ • → OH CO2 + H2O                                                  (5)

Dyes + h+ → CO2 + H2O                                                               (6)

To gain mechanistic insights into the photodegradation process, 
electron paramagnetic resonance (EPR) spectroscopy using specific spin 
traps to identify the active species involved, under both dark and light 
conditions [Fig. 6 (b-d)]. The photoexcited electrons in the LUMO of 
TPA-TAZ HPP react with dissolved molecular oxygen (O₂), forming 

Fig. 6. (a) Proposed photodegradation mechanism of dyes using TPA-TAZ HPP. EPR signals for (b) •O₂⁻ (c) 1O₂ and (d) h+.
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superoxide radicals (•O₂⁻). The presense of superoxide radicals (•O₂⁻) 
was confirmed using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as spin 
trap. No characteristic EPR signals for •O₂⁻ are observed in the dark; 
however, upon light exposure, distinct and progressively intense signals 
appear with increasing irradiation time, confirming the light-induced 
formation and accumulation of •O₂⁻ radicals on the surface of TPA- 
TAZ HPP [Fig. 6 (b)]. In addition, singlet oxygen (1O₂) generation was 
confirmed using 2,2,6,6-tetramethylpiperidine (TEMP) as a spin trap. 
The corresponding EPR signal intensity increased significantly under 
illumination compared to dark conditions, validating the photo-induced 
formation of 1O₂ [Fig. 6 (c)]. Both •O₂⁻ and 1O₂ are known to attack the 
chromophoric structures of dyes, breaking down key bonds such as 
C––C, C–N, and N = N, and leading to decolorization and mineraliza
tion. To evaluate the role of photogenerated holes (h⁺), 2,2,6-trimethyl
piperidine-1-oxyl (TEMPO) was used as a spin trap. However, no 
noticeable change in the EPR signal intensity was observed under either 
dark or light conditions, suggesting that h⁺ are not significantly involved 
in direct dye oxidation or may rapidly recombine with electrons [Fig. 6
(d)]. Furthermore, the absence of a hydroxyl radical (•OH) signal in
dicates that •OH does not play a major role in the degradation process. 
These observations strongly support a ROS-mediated photodegradation 
pathway predominantly involving superoxide and singlet oxygen spe
cies, enabled by the tailored electronic structure and charge dynamics of 
the TPA-TAZ HPP photocatalyst. This mechanism underscores the ma
terial’s promising potential for advanced wastewater treatment through 
efficient and selective dye degradation.

The enhanced photodegradation performance of dyes using the 
synthesized porous TPA-TAZ HPP structure can be attributed to its 
optimal charge separation and hole mobility. Under visible light irra
diation, dye molecules such as Methylene Blue (MB) and Rhodamine B 
(RhB) become photoexcited, promoting electrons from their HOMO to 
LUMO levels. Given the favorable band alignment, these excited elec
trons can readily transfer from the LUMO of MB (0.065 V vs. NHE) and 
RhB (0.58 V vs. NHE) [64] to the significantly lower LUMO of TPA-TAZ 
HPP (–3.83 V vs. NHE), allowing efficient electron trapping. Concur
rently, the HOMO level of TPA-TAZ HPP (–1.79 V vs. NHE) lies below 
the HOMO levels of MB (1.77 V vs. NHE) and RhB (2.78 V vs. NHE), 
which favors hole migration from the polymer to the dye molecules 
enabling effective electron trapping [Fig. 7]. This synergistic electro
n–hole transfer mechanism not only facilitates spatial charge separation 
but also enhances the generation of reactive oxygen species (ROS), 
accelerating the degradation of dye molecules. The favorable alignment 
of the bandgap and energy levels (HOMO and LUMO) of TPA-TAZ HPP 
underscores its strong potential for photocatalytic wastewater 
treatment.

4. Conclusions

In summary, we successfully synthesized donor–acceptor-based TPA- 
TAZ HPP via Friedel− Crafts polymerization for dual applications in both 
physisorption and photodegradation of organic dyes in water. The 
resulting TPA-TAZ HPP exhibited an impressive surface area and 
excellent thermal stability (Td5: 663 ◦C, Td10: 674 ◦C) with a high char 
yield of 75 %. The adsorption performance of TPA-TAZ HPP was 
remarkable, achieving rapid and efficient removal of RhB and MB within 
just 5 minutes. The Qₘ were determined to be 951 mg g⁻1 for RhB and 
858 mg g⁻1 for MB, surpassing or at least matching the performance of 
many previously reported porous materials under similar conditions. In 
addition to its high adsorption efficiency, TPA-TAZ HPP demonstrated a 
well-suited band gap arrangement and donor-acceptor configuration, 
which contributed to its outstanding photocatalytic activity. The mate
rial achieved photodegradation efficiencies of 88 % for RhB and 96 % 
for MB, with corresponding reaction rate constants of 5.78 × 10–2 min–1 

and 9.62 × 10–2 min–1, respectively. These values indicate that TPA-TAZ 
HPP is equivalent to, and may surpass, that of many conjugated poly
mers and COFs previously examined under similar photodegradation 

circumstances. Owing to these exceptional properties, TPA-TAZ HPP 
holds significant potential as an effective adsorbent and photocatalyst 
for water pollutant removal, making it a promising candidate for 
wastewater treatment and environmental remediation.
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