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ABSTRACT: Although hypercrosslinked polymers (HCPs) offer significant advantages, their 

industrial scalability has been impeded by concerns regarding waste generation. To mitigate 

this challenge, we have successfully developed an efficient and cost-effective green synthesis 

method for phenanthrenequinone-based HCPs (PQ-HCPs). This method employs a Friedel-

Crafts alkylation reaction, utilizing trifluoromethanesulfonic acid as a catalyst and PQ as the 

starting material. Under low catalyst concentrations, electrophilic sulfonation reactions are 

predominant. However, increasing the catalyst to a 2 equivalent amount significantly shifts the 

reaction pathway towards Friedel-Crafts alkylation cross-linking. The resultant optimal sample, 
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PQ-HCP-1:3, boasts an impressive specific surface area of up to 428 m²/g. Dye adsorption 

experiments on these samples demonstrated a marked selective affinity for Rhodamine B (RB), 

with the hydrophilicity of the samples being a pivotal factor in the adsorption process. This 

innovative approach substantially outperforms traditional methods, which typically involve 

ferric chloride and aluminum chloride, by significantly reducing the production of solid waste 

and effluent during the chemical reaction process. 

KEYWORDS: Hypercrosslinked polymer; Green synthesis; Solid waste; 

Phenanthrenequinone; Trifluoromethanesulfonic acid 

 

1. INTRODUCTION 

The growing need for sustainable technologies drives the importance of green synthesis, which 

is essential for advancing the development of porous organic polymers (POPs) with their 

potential benefits 1, 2. POPs include covalent organic frameworks (COFs) 3-6, hypercrosslinked 

porous polymers (HCPs) 7-10, conjugated microporous polymers (CMPs) 11-13, polymers of 

intrinsic microporosity (PIMs) 14-16, covalent triazine frameworks (CTFs)17-21, and porous 

aromatic frameworks (PAFs) 22, 23. Among these, HCPs stand out due to their unique synthesis 

through the Friedel-Crafts alkylation reaction 7, 24, 25. Importantly, HCPs are recognized for 

their low synthesis costs, making them economically valuable and industrially viable materials. 

This economic viability is largely attributed to the use of low-cost raw materials—including 

monomers, reaction media, and catalysts—as well as manageable reaction conditions that yield 

high product outputs 25. Owing to these advantageous characteristics, HCPs are promising 
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candidates for a wide range of applications, including gas storage10, 26, carbon capture25, 27, 

pollutant removal28, 29, microwave adsorption30, and catalysis31.  

However, the industrialization of HCPs has been challenged by significant environmental 

concerns, particularly the pollution caused by solid waste generated during their synthesis 

process. The synthesis of HCPs primarily occurs through three approaches: (1) post-

crosslinking of polymer precursors32, (2) direct one-step polycondensation of functional 

monomers33, 34, and (3) interweaving rigid aromatic building blocks with external crosslinkers35, 

36. Despite these methods, the process often requires substantial amounts of heterogeneous 

catalysts, such as ferric chloride and aluminum chloride37. The separation of solid HCPs from 

catalyst residues is complicated, and recycling these residues poses additional difficulties. 

Furthermore, the washing of these residues contributes to significant liquid waste, resulting in 

high economic costs and severe environmental pollution, which further hinders the industrial 

production of HCPs38. 

To address these pressing challenges, there is a critical need for the development of more 

sustainable and efficient synthetic methods. Innovations in catalyst design, such as employing 

homogeneous catalysts that can be easily separated and recycled, or exploring alternative, 

greener synthetic pathways, could facilitate broader industrial applications of HCPs while 

mitigating their environmental impact. Additionally, it is worth noting that, to our knowledge, 

the synthesis of hypercrosslinked polymers based on phenanthrenequinone has not yet been 

successfully achieved due to the electron-deficient nature of the quinone functional group, 

indicating further opportunities for research and development in this area. 
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In this work, we developed an eco-friendly synthesis method for phenanthrenequinone-

based hypercrosslinked polymers (PQ-HPs) using Friedel-Crafts alkylation with 

trifluoromethanesulfonic acid as the catalyst. By replacing harmful ferric chloride and 

aluminum chloride catalysts, our innovative method minimizes waste generation and promotes 

a more sustainable chemical process. The optimal synthesis ratio of phenanthrenequinone to 

catalyst was found to be 1:3, yielding the product with the maximum specific surface area. The 

PQ-HCPs display superior adsorption capabilities for Rhodamine B (RB) dye, particularly in 

acidic conditions, due to their super-hydrophilic properties. They also showed excellent 

recyclability. 

2. EXPERIMENTAL METHODS 

2.1 Synthetic procedures of PQ-HCPs 

To synthesize PQ-HCP samples, a mixture of phenanthrenequinone (PQ), 

dimethoxymethane (FDA), and 1, 2-Dichloroethane (DCE) is first prepared in a molar ratio of 

1:4:4 and added to a round-bottom flask. Trifluoromethanesulfonic acid is then added dropwise 

in equivalent ratios of 1, 1.5, 2, 3, or 4. The mixture is stirred in an ice bath for 2 hours to 

ensure thorough mixing. Following this, the reaction system is heated to 40°C maintained at 

this temperature for 4 hours to facilitate the reaction. To further enhance the reaction, the 

temperature is increased to 80°C, and the mixture is heated and stirred for an additional 4 hours. 

The reaction is then quenched with anhydrous ethyl alcohol, followed by filtration to separate 

the solid product from the liquid phase. The solid product is washed with deionized water for 
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an additional 2 hours to remove any remaining solvents and impurities. Finally, vacuum freeze-

drying is employed for 8 hours to obtain the dry PQ-HCP sample powder. 

2.2 Investigation of adsorption performance of PQ-HCPs 

The adsorption capacity of PQ-HCPs for three specific dyes: To investigate the 

adsorption capacity of PQ-HCP samples, we prepared 500 mL solutions of Rhodamine B (RB), 

Methylene Blue (MB), and Methyl Orange (MO), each at a concentration of 20 mg·L⁻¹. 100 

mL portions from each solution were used for adsorption experiments. To each portion, 0.03 g 

of PQ-HCP samples was added. We analyzed the adsorption efficiency and dynamics of PQ-

HCPs for these dyes by collecting solution samples at various time points and measuring their 

absorbance with a UV-Vis spectrophotometer. By comparing the changes in absorbance over 

time, we were able to evaluate the adsorption performance of PQ-HCPs for the target pollutants. 

The effect of adsorbent dosage: Initially, a 500 mL solution of Rhodamine B with a 

concentration of 20 mg·L-1 was prepared. Subsequently, 100 mL of this solution was divided 

into four 250 mL beakers. To each beaker, 0.01 g, 0.03 g, 0.06 g, and 0.10 g of PQ-HCP 

samples were added to study the adsorption efficiency at different adsorbent dosages. Solution 

samples were collected at different time points and analyzed using a UV-Vis 

spectrophotometer to determine the adsorption effect. 

The effect of pH: A 500 mL solution of Rhodamine B at a concentration of 20 mg·L-1 was 

prepared and divided into 100 mL portions in seven beakers for the adsorption experiment. The 

pH values of the solutions in the beakers were adjusted to 2, 4, 6, 8, 10, and 12 using dilute 

HCl and NaOH solutions, respectively. Into each beaker, 0.0300 g of PQ-HCP samples were 
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added, albeit with slight variations in actual weighing (0.0301 g, 0.0307 g, 0.0301 g, 0.0301 g, 

0.0304 g, 0.0300 g). Solution samples were collected at different time points and analyzed 

using a UV-Vis spectrophotometer.  

The reusability of PQ-HCP samples: The reusability of PQ-HCP samples was explored. 

The used PQ-HCP samples were treated with ethanol to elute the adsorbed Rhodamine B dye 

from the sample surface, continuing until the eluent reached a colorless state, indicating 

complete removal of Rhodamine B. Thereafter, the eluted PQ-HCP samples were subjected to 

vacuum freeze-drying to ensure sample dryness and reusability. The dried PQ-HCP samples 

were then reused in the adsorption experiment under the same conditions as before, repeated 

three times, to test the adsorption performance and cyclic stability of PQ-HCPs. In each 

adsorption experiment, solution samples were collected at different time points and 

subsequently analyzed using a UV-Vis spectrophotometer. 

3. RESULTS AND DISCUSSION 

The PQ-HCP samples were synthesized using a Friedel-Crafts alkylation reaction, with 

trifluoromethanesulfonic acid as the catalyst and PQ as the raw material (Figure 1). The molar 

ratio of PQ to catalyst was modified from 1:1 to 1:4. The samples are denoted based on the PQ 

to catalyst ratio: PQ-HCP-1:1 for a ratio of 1:1, PQ-HCP-1:1.5 for a ratio of 1:1.5, PQ-HCP-

1:2 for a ratio of 1:2, PQ-HCP-1:3 for a ratio of 1:3, and PQ-HCP-1:4 for a ratio of 1:4, 

respectively. Fourier-transform infrared (FT-IR) spectroscopy was employed to elucidate the 

structure of the PQ-HCP samples. As shown in Figure 2a, PQ-HCP-1:3 exhibits new 
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characteristic peaks after cross-linking, distinct from the PQ raw material. Specifically, the FT-

IR spectra reveal symmetric (2921 cm-1) and asymmetric (2846 cm-1) stretching vibrations of 

the methylene group (-CH2-), as well as a peak at 1384 cm-1 corresponding to its bending 

vibration8, 39. This indicates that the cross-linked product (PQ-HCP-1:3) formed after the 

reaction between the FDA and PQ contains a -CH2- group. From Figure 2b, we identified 

several key absorption peaks: the peaks at 1601 cm-1, 1502 cm-1, and 1450 cm-1 are all related 

to the vibrational absorption of the benzene ring framework. The presence of these peaks 

confirms the integrity of the benzene ring structure in the sample. Additionally, the absorption 

peak at 1676 cm-1 is attributed to the C=O stretching vibration, characteristic of the quinone 

functional group in PQ. The observation of these characteristic peaks indicates that a successful 

cross-linking reaction has occurred between PQ and FDA, and during this process, the basic 

unit structure of PQ has been effectively preserved. 

 

Figure 1. The synthesis process of phenanthrenequinone-based hypercrosslinked polymers 

(PQ-HCPs). 
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To further elucidate the structure of the PQ-HCP-1:3 product, solid-state cross-polarization 

magic angle spinning 13C nuclear magnetic resonance (CP-MAS 13C-NMR) spectroscopy was 

employed. The CP-MAS 13C-NMR spectrum (Figure 2c) reveals signals at 185 ppm, which are 

characteristic of the quinonyl carbon. Signals in the range of 120-145 ppm correspond to the 

phenyl carbons of PQ-HCP-1:340. Additionally, two distinct resonances at approximately 35 

ppm and 30 ppm are observed, which are attributed to the carbon atoms of -CH2- groups formed 

after cross-linking8. The splitting of these signals into two peaks is indicative of the differing 

chemical environments of the methylene groups attached to the benzene ring, a variation that 

is typical of the unpredictable substitution sites in the Friedel-Crafts reaction, an electrophilic 

aromatic substitution process. The peak at 65 ppm is attributed to the carbon resonance in the 

solvent dichloroethane. Chemical characterization results indicate that a cross-linked network 

was formed between FDA and PQ through Friedel-Crafts alkylation. In this process, FDA acted 

as an external cross-linking agent, facilitating the connection between PQ molecules and 

constructing a stable network structure. This structure not only enhances the overall 

performance of the material but may also significantly affect its chemical and physical 

properties. 
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Figure 2. (a) FT-IR spectra of PQ-HCP-1:3 and PQ samples; (b) The local FT-IR spectra of 

PQ-HCPs; (c) CP-MAS 13C-NMR spectrum of PQ-HCP-1:3; Inset: The digital image of the 

PQ-HCP-1:3 sample; (d) TGA and DSC thermograph of PQ-HCP-1:1.5 and PQ-HCP-1:3. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) conducted 

under a nitrogen atmosphere (Figure 2d) revealed that the PQ-HCP-1:3 and PQ-HCP-1:1.5 

samples began to decompose at 400°C, with complete decomposition at 632°C, indicating their 

excellent thermal stability at elevated temperatures. The DSC curve exhibited a notable 

increase in the exothermic reaction rate around 400°C, peaking at 578°C, which further 

corroborates this observation. Notably, the PQ-HCP-1:1.5 sample started to decompose at 

140°C and was fully decomposed by 215°C, whereas the PQ-HCP-1:3 sample did not show 

this behavior at lower temperatures, possibly due to the decomposition characteristics of the 
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sulfonic acid groups. In the FT-IR spectral analysis, an absorption peak at approximately 1280 

cm-1 was observed, corresponding to the stretching vibration of S=O (Figure 2b)41. This 

suggests that a partial sulfonation reaction may have occurred during the reaction process. 

Contact angle testing provided insights into the hydrophilicity of the PQ-HCPs materials, with 

images of water droplet contact angles shown in Figure S1. The measured contact angles were 

as follows: 37.1° for Figure S1a, 6.7° for Figure S1b, 67.5° for Figure S1c, and 68.7° for Figure 

S1d. Based on these measurements, the hydrophilicity of the four types of PQ-HCPs samples, 

from highest to lowest, is PQ-HCP-1:1.5, PQ-HCP-1:1, PQ-HCP-1:2, and PQ-HCP-1:342. 

Further analysis revealed that when the amount of trifluoromethanesulfonic acid catalyst is low, 

sulfonation is the predominant reaction; however, when the catalyst amount reaches 2 

equivalents, the cross-linking reaction becomes the primary process. For the synthesis of 

porous materials, the Brunauer−Emmett−Teller (BET) surface area and pore size distribution 

are closely related to the design of the cross-linking process. 

Nitrogen gas adsorption isotherms of PQ-HCPs at 77 K show a transition from type III to 

type II as the amount of trifluoromethanesulfonic acid increases (Figure 3a), indicating an 

increase in micropore presence. This suggests that at lower catalyst concentrations, sulfonation 

is the dominant process, leading primarily to the formation of macropores through layer 

stacking. When the catalyst reaches a 2-equivalent concentration, the reaction shifts towards 

Friedel-Crafts cross-linking, resulting in micropore formation. The surface area of PQ-HCPs 

was calculated using the BET model, and the pore size distribution was analyzed using nonlocal 

density functional theory. With less than 2 equivalents of catalyst, the specific surface area 
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peaks at only 95 m²/g, and the pore volume capacity reaches a maximum of 0.2616 cm³/g 

(Table 1). Notably, the yield exceeds 100%, reaching 112%. The pore size distribution graph 

confirms a predominance of macropores (Figure 3b), supporting the notion that sulfonation is 

the primary reaction with smaller catalyst amounts. At 3 equivalents of catalyst, the specific 

surface area of PQ-HCPs increases to 428 m²/g, with a yield of 88% and a pore size distribution 

ranging from 0.4 nm to 3.4 nm. 

 

Figure 3. (a) Nitrogen gas adsorption isotherms for PQ-HCPs at 77 K; (b) Pore size 

distributions of PQ-HCPs. 

However, an excessive amount of catalyst seems to disrupt the Friedel-Crafts alkylation 

cross-linking reaction, leading to a decrease in specific surface area. This innovative green 

synthesis approach for PQ-HCPs leverages the Friedel-Crafts reaction such that, with a lower 

catalyst amount, it primarily facilitates sulfonation. Once the catalyst reaches an optimal level, 

it overcomes the reaction's energy barrier, enabling cross-linking to proceed. Yet, an excess of 

catalyst can counterproductively hinder the Friedel-Crafts process, underscoring the critical 
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role of catalyst concentration in achieving desired material properties. This method 

demonstrates the crucial role of carefully balancing catalyst usage in achieving desired porosity 

and surface properties for PQ-HCP synthesis. 

Table 1. Yields, specific surface areas (SSABET), and pore volume of PQ-HCPs 

Polymer PQ: TfOH Yield (%) SSABET /(m2g-1) Vtotal/(cm3g-1) 

PQ-HCP-1:1 1: 1 101% 37 0.1404 

PQ-HCP-1:1.5 1: 1.5 112% 95 0.2616 

PQ-HCP-1:2 1: 2 99% 148 0.3604 

PQ-HCP-1:3 1: 3 88% 428 0.3375 

PQ-HCP-1:4 1: 4 86% 85 0.0311 

The brownish-red sample PQ-HCP-1:3, which has the highest specific surface area as 

indicated in the inset of Figure 2c, was selected for X-ray powder diffraction (XRD) analysis. 

A broad diffraction peak was observed around 2θ = 22°, which is typically attributed to the 

interaction of π-electron clouds in aromatic structures, known as the π-π stacking effect (see 

Figure S2). The presence of this broad peak indicates a disordered molecular arrangement in 

the PQ-HCP-1:3 sample, confirming its amorphous nature. Elemental analysis for PQ-HCP-

1:3 revealed a composition of carbon (C) at 72.47%, hydrogen (H) at 5.054%, sulfur (S) at 

2.325%, and oxygen(O) at 19.67% (Table S1). The scanning electron microscopy (SEM) 

characterization of PQ-HCPs is presented in Figure 4, where Figures 4a to 4d correspond to 

PQ-HCP-1:1, PQ-HCP-1:1.5, PQ-HCP-1:2, and PQ-HCP-1:3, respectively. As observed from 

the images, PQ-HCPs display a stacked spherical morphology. With an increase in the amount 
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of trifluoromethanesulfonic acid, the particle size of PQ-HCPs becomes progressively more 

uniform, finer, and fluffier. The unique structure of these porous polymers, combined with their 

quinone groups, makes them ideal candidates for efficient dye removal in wastewater treatment 

processes. 

 

Figure 4. SEM images of (a) PQ-HCP-1:1, (b) PQ-HCP-1:1.5, (c) PQ-HCP-1:2, (d) PQ-

HCP-1:3. 

To evaluate the adsorption efficacy of PQ-HCP-1:1, PQ-HCP-1:1.5, PQ-HCP-1:2, and PQ-

HCP-1:3 on RB, adsorption solutions were collected at regular intervals for analysis and 

subsequently plotted the adsorption kinetics (Figure 5a). The experimental results indicate that 

the PQ-HCP-1:1 sample achieved an RB removal rate of 80.33%. In contrast, the PQ-HCP-
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1:1.5 sample demonstrated the highest removal rate at 96.07%. The PQ-HCP-1:2 sample had 

a removal rate of 95.18%, while the PQ-HCP-1:3 sample showed a reduced removal rate of 

75.56% (Figure 5b). This variation is likely attributed to the superhydrophilic nature of PQ-

HCP-1:1.5, which enhances its interaction with RB molecules, resulting in the most 

pronounced adsorption effect. Furthermore, the adsorption effect of PQ-HCPs on RB solution 

is significantly influenced by the amount used. Experimental data indicate that when the 

dosages of PQ-HCP-1:1.5 were 0.01 g, 0.03 g, 0.06 g, and 0.10 g, the corresponding removal 

rates of RB were 55.56%, 94.59%, 97.29%, and 99.47%, respectively (Figure 5c and Figure 

S3). Calculations reveal that using PQ-HCPs as an adsorbent achieved an adsorption capacity 

of 188 mg/g for RB. Thus, increasing the adsorbent dosage enhances the adsorption efficiency 

within the same time frame. 

 

Figure 5. (a) Adsorption kinetics of PQ-HCPs plotted as adsorption ratio (adsorbed amount/ 

total amount) versus time; (b) The removal efficiency of RB by PQ-HCPs; (c) The impact of 
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different amounts of PQ-HCP-1:1.5 on the removal efficiency of RB; (d) Removal efficiencies 

of various dyes; (e) The effect of pH values on the removal efficiency of RB; (f) Recyclability 

of removal RB with PQ-HCP-1:1.5. 

Due to the presence of lone pairs of electrons from the two carbonyl groups in PQ-HCPs, an 

electrostatic adsorption mechanism is likely at play. This could result in different adsorption 

performances for cationic dyes such as RB and Methylene Blue (MB), as well as the anionic 

dye Methyl Orange (MO). To investigate the selective adsorption properties of PQ-HCPs, 

solutions of RB, MB, and MO were prepared at identical concentrations and subjected to 

adsorption using equal amounts of PQ-HCPs. As illustrated in Figure 5d and Figure S4, PQ-

HCPs exhibit significant adsorption effects on both RB and MB. Notably, the adsorption of the 

cationic dye RB by PQ-HCPs is more effective than that of the anionic dye MO. This 

phenomenon is likely due to better charge matching between PQ-HCPs and the positively 

charged dye molecules, which facilitates the adsorption process29.  

To further elucidate the adsorption mechanism, the Freundlich, Langmuir, and Tempkin 

adsorption isotherm models were employed to investigate the thermal effects of dye adsorption 

on polymers. The maximum adsorption capacities (qe) of 20 mg of PQ-HCP-1:1.5 on 50 mL 

of RB solutions with concentrations of 50, 100, 150, 180, 200, and 250 mg/L after 30 minutes 

of adsorption at 298 K are depicted in Figure S5. The Freundlich, Langmuir, and Tempkin 

models were fitted to the experimental data, and the adsorption isotherm parameters were 

obtained as shown in Table S2. From the fitting results, at the same temperature, the overall fit 

of the models in descending order of accuracy is Tempkin > Langmuir > Freundlich. The 
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Tempkin model more accurately describes the adsorption process under experimental 

conditions compared to the other two models. According to the assumptions of the Tempkin 

isotherm model, which posits that the adsorption heat changes linearly with surface coverage, 

it can be inferred that there is an electrostatic interaction between PQ-HCP-1:1.5 and RB 

molecules43. 

To assess the influence of pH on adsorption efficiency, we adjusted the pH of RB solutions 

across six gradients, from pH 2 to 12 (as shown in Figure 5e), using dilute HCl and NaOH 

solutions for the adsorption experiments. The data revealed that the removal rates under these 

varying pH conditions were relatively similar, with a slight enhancement in adsorption 

efficiency under acidic conditions. To evaluate the recyclability of the adsorbent, we performed 

adsorption experiments on PQ-HCP-1:1.5, which exhibited the highest removal rate. Initially, 

the sample achieved a removal rate of 95.18% within one hour. After the first cycle of recovery 

and reuse (as depicted in Figure 5f), the removal rate was 95.36%. This rate increased to 98.08% 

after the second cycle and slightly decreased to 97.46% after the third cycle. These results 

suggest that the adsorption performance remains consistent across multiple reuse cycles, 

indicating the excellent recyclability of PQ-HCPs. Notably, after several cycles of use, no 

structural alterations were observed in the samples, as confirmed by FT-IR spectroscopy 

(Figure S6) and XRD analysis (Figure S7). 

4. CONCLUSIONS 

In summary, we have developed a green synthesis method for a class of PQ-HCPs by replacing 

the traditional ferric chloride and aluminum chloride catalysts. The success of this approach 
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hinges on the precise control of the trifluoromethanesulfonic acid catalyst quantity. At low 

catalyst concentrations, electrophilic sulfonation reactions predominate, but increasing the 

catalyst to a 2 equivalent level shifts the reaction mechanism towards Friedel-Crafts alkylation 

cross-linking. Our optimized synthesis conditions, featuring a molar ratio of 1:3 between 

phenanthrenequinone and catalyst, yield a product with an impressive specific surface area of 

428 m2/g. The PQ-HCPs showcase exceptional performance owing to their super-hydrophilic 

nature, which enhances their adsorption capacity for Rhodamine B dye, especially in acidic 

environments. This green synthetic approach not only offers a new strategy for the large-scale, 

cost-effective production of HCPs but also eliminates solid waste generation, aligning with the 

principles of sustainable chemistry. 
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