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A B S T R A C T   

The aim of removing Pb(II) from water is to minimize the potential harm posed by toxic metals to both human 
health and the environment. To achieve this, a covalent organic framework adsorbent called TFPOTDB-SO3H was 
developed using a condensation process involving 2,5-diaminobenzenesulfonic acid and 2,4,6-tris-(4-formylphe
noxy)-1,3,5-triazine. This adsorbent exhibited excellent properties such as high repeatability, selectivity, and 
easy solid–liquid separation. Under conditions of pH = 6.0 and 298 K, the TFPOTDB-SO3H demonstrated 
impressive capability of adsorbing Pb(II). In a brief span of 10 min, it attained a special elimination rate of 99.40 
% and shown its capacity to adsorb up to 500.00 mg/g. The adsorbent presented effective removal of Pb(II) from 
a solution that had a mixture of various ions, showcasing its proficiency in capturing the contaminant, with a 
partition coefficient (Kd) of 3.99 × 106 mL/g and an adsorption efficiency of 99.75 % among six coexisting ions. 
The pseudo-second-order kinetic model was observed to govern the adsorption process kinetics, while the 
Langmuir isotherm model confirmed monolayer chemisorption as the mechanism for Pb(II) removal. Thermo
dynamic analysis indicated that the uptake process was both exothermic and spontaneous. Furthermore, the 
adsorbent maintained a significant adsorption efficiency of 89.63 % for Pb(II) even after undergoing four 
consecutive adsorption–desorption cycles. These findings collectively suggest that TFPOTDB-SO3H has excellent 
potential for effectively adsorbing and removing Pb(II) heavy metal ions from wastewater.   

1. Introduction 

Water pollution is a pressing environmental concern that poses a 
significant threat to ecosystems and human health worldwide (Li et al., 
2019). The accumulation of various pollutants, including heavy metals, 
organic dyes, and pharmaceutical compounds, in water bodies has 
necessitated the development of efficient and sustainable methods for 
their removal (Qasem et al., 2021). Lead ions in water sources pose 
significant disadvantages for humans and the environment. Firstly, lead 
exposure through drinking water can have detrimental health effects on 
humans. Numerous scientific studies have demonstrated that high levels 
of lead in the body can result in various neurological disorders, partic
ularly in children. It can impede cognitive development, cause learning 
disabilities, and impact behavior and attention span (Lanphear et al., 

2005). According to the World Health Organization and US Environ
mental Protection Agency guidelines, the maximum allowable concen
tration of lead in drinking water is 0.01 mg/L and 0.015 mg/L, 
respectively (Faust and Aly, 1998; Organization, 2004) . Numerous 
approaches have been devised over time to eliminate heavy metal ions, 
including methods like adsorption (Cui et al., 2019), reduction (Hai 
et al., 2013), and precipitation (Xiong et al., 2020). One of the methods 
that can be used to achieve this goal is adsorption, which involves the 
attachment of metal ions to the surface of solid materials. Adsorption has 
several advantages over other methods, such as low cost, high efficiency, 
easy operation, and strong applicability (Barakat, 2011; Anderson et al., 
2022; Chakraborty et al., 2022) . Traditional adsorbents such as zeolites 
(Yang et al., 2020), aluminosilicate minerals (Zha et al., 2018), clays 
(Uddin, 2017), polymers (Zhao et al., 2018), activated carbons (Nayak 

Peer review under responsibility of King Saud University. Production and hosting by Elsevier. 
* Corresponding authors. 

E-mail addresses: m.dehghani@iauba.ac.ir (M. Dehghani Ghanatghestani), Fa.Moeinpour@iau.ac.ir (F. Moeinpour).  

Contents lists available at ScienceDirect 

Arabian Journal of Chemistry 

journal homepage: www.ksu.edu.sa 

https://doi.org/10.1016/j.arabjc.2023.105429 
Received 11 August 2023; Accepted 1 November 2023   

mailto:m.dehghani@iauba.ac.ir
mailto:Fa.Moeinpour@iau.ac.ir
www.sciencedirect.com/science/journal/18785352
https://www.ksu.edu.sa
https://doi.org/10.1016/j.arabjc.2023.105429
https://doi.org/10.1016/j.arabjc.2023.105429
https://doi.org/10.1016/j.arabjc.2023.105429
http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2023.105429&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Arabian Journal of Chemistry 17 (2024) 105429

2

et al., 2017) and metal oxides (Lingamdinne et al., 2017), are widely 
utilized in the water treatment sector. However, these adsorbents have 
limitations such as small pore size, irregular surface structure, limited 
surface area, and chemical bonds that negatively impact their adsorp
tion process. Therefore, it’s crucial to investigate the development of 
new adsorbents with high porosity, large surface area, and specific 
adsorption sites for effective heavy metal removal. To address these 
limitations, various types of nanomaterials have been developed and 
investigated as potential adsorbents for heavy metal removal, such as 
zero-valent metals (Di et al., 2023), carbon-based materials (Krishna 
et al., 2023), and nanocomposites (Wang et al., 2015; Omidvar-Hosseini 
and Moeinpour, 2016; Wang et al., 2017; Wang et al., 2020; Guo et al., 
2021; Lakkaboyana et al., 2021; Li et al., 2021; Vijitha et al., 2021; 
Vijitha et al., 2021; Palani et al., 2022; Wang et al., 2022; Zandi-Mehri 
et al., 2022; El Mouden et al., 2023; Qiu et al., 2023) . However, some 
nano absorbents have low stability in water, are toxic, and expensive, 
and in some cases, their recovery capability is ineffective (Gendy et al., 
2021). Therefore, to overcome these limitations, COFs have been 
designed with significant surface area and porosity to increase their 
adsorption capacity. Covalent organic frameworks (COFs) are a class of 
crystalline materials with a porous structure composed of organic 
components connected via strong covalent bonds. (Wang and Zhuang, 
2019). COFs demonstrate strong resistance to chemical alteration in 
both aqueous and organic environments, which sets them apart from 
metal-organic frameworks that tend to be unstable when subjected to 
moisture and aqueous conditions (Feng et al., 2012; Kandambeth et al., 
2012) . Their unique structural characteristics, such as tunable pore size, 
high surface area, and exceptional stability, make them highly attractive 
for applications in water purification (Smith and Dichtel, 2014; Dinari 
and Hatami, 2019; Tang et al., 2022; Khojastehnezhad et al., 2023) . 
COFs can be tailored and functionalized at the molecular level, allowing 
for precise control over their physicochemical properties to enhance 
pollutant removal efficiency and wastewater treatment (Huang et al., 
2020; Gan et al., 2022; Li et al., 2022; Liu et al., 2022; Zhu et al., 2022; 
Yang et al., 2023) . In the realm of separation science, the use of COFs 
has primarily relied on their inherent hydrophobic properties and π–π 
stacking interactions. However, introducing of functional groups into 
the COF structure can greatly enhance both the selectivity of extraction 
and the efficiency of adsorption. For instance, Li and his team created a 
sulfonate functionalized COF composite (referred to as Fe3O4@COF 
(TpBD)@Au-MPS nanocomposites) specifically for the capture of fluo
roquinolones (Wen et al., 2020). Similarly, Zhao and his team developed 
a sorbent with sulfonic acid functionality (known as Ni/CTF-SO3H) by 
modifying a triazine-based COF substrate post-synthesis, which was 
then used for selective enrichment of carbendazim and thiabendazole in 
various fruits, vegetables, and juices (Zhao et al., 2020). Despite the 
success of these post-synthetic modification strategies in enhancing 
selectivity, they involve a lengthy and complex preparation process for 
the sorbent. As such, designing and preparing COFs with inherent 
functional groups can simplify the sorbent preparation procedure. 
Hence, by integrating functional components into their structures, these 
materials exhibit substantial potential as adsorbents for investigating 
the effectiveness of metal ion removal from water solutions. 

In this study, a porous COF called TFPOTDB-SO3H was synthesized 
using a rational design approach. The COF contained sulfonic acid 
groups, N and O atoms that contributed to its exceptional performance 
in removing Pb(II) ions efficiently. To create the TFPOTDB-SO3H, a 
flexible binding block and a monomer derived from triazine were 
employed, leading to a network structure with high resonance upon 
polymerization. This unique structure allowed easy interaction between 
the lone pair electrons and Pb(II) ions. 

2. Experimental 

2.1. Materials 

The chemicals used in the experiment were obtained from com
mercial sources without any additional processing. The specific chem
icals and their respective suppliers were as follows: p- 
phenylenediaminesulfonic acid (DB-SO3H) from Sigma-Aldrich (purity 
≥ 97.0 %), glacial acetic acid from Sigma-Aldrich (purity ≥ 99 %), 1,4- 
dioxane from Merck, ethanol from Alfa Aesar (purity 94–96 %), acetone 
from Alfa Aesar (purity 99.5 %), and nitric acid from Alfa Aesar. Cya
nuric chloride and p-hydroxybenzaldehyde were purchased from Merck. 
The preparations of all solutions were carried out utilizing deionized 
water. The lead solution, which had a concentration of 1000 mg/L, was 
acquired from Merck as the standard solution and diluted as required. 
Sodium hydroxide (NaOH) and nitric acid (HNO3) with a concentration 
of 0.1 mol/L were used to adjust the solution’s pH as needed. 

2.2. Material characterization 

The experimental analysis of the sample utilized a range of analytical 
techniques. The HITACHI, S-4160 scanning electron microscope was 
used to conduct scanning electron microscopy (SEM). For transmission 
electron microscopy (TEM) analysis, the Philips CM 120 microscope was 
employed. To obtain ATR-FTIR (Fourier transform infrared) spectra, the 
Thermo Nicolet 370 instrument from Thermo Fisher in the USA was 
utilized, with measurements taken in the 400–4000 cm− 1 range, 
employing an average of 64 scans and a resolution of 4 cm− 1. The 
Micromeritics TriStar II Series, GA 30093 instrument from the USA was 
utilized to evaluate the surface area and pore size distribution, where N2 
gas served as the adsorbate, and measurements were carried out at 77 K. 
The process of thermogravimetry analysis (TGA) involved subjecting the 
sample to a gradual increase in temperature, starting from room tem
perature and reaching 800 ◦C. This temperature increment occurred at 
10 ◦C per minute, and the experiment was conducted under an N2 at
mosphere. The STA503 TA instrument was utilized for this procedure. 
The CuKα radiation and a Bruker instrument from Germany were used to 
obtain powder X-ray diffraction (PXRD) patterns in the 2-80◦ range. 
Ultimately, the measurement of Pb(II) ions was successfully carried out 
using flame atomic absorption spectrophotometry (FAAS). This method 
employed the PerkinElmer 2380-Waltham instrument, which was fitted 
with a hollow cathode lamp specific to Pb(II). 

2.3. Synthesis and purification of 2,4,6-Tris-(4-Formylphenoxy)-1,3,5- 
Triazine (TFPOT) 

Initially, p-hydroxybenzaldehyde (14.64 mmol, 1800 mg) and NaOH 
(14.64 mmol, 585 mg) were dissolved in a round bottom flask con
taining a mixture of acetone and water (30 mL, v/v = 1:1). The flask was 
then cooled to 0 ◦C using an ice bath. Subsequently, cyanuric chloride 
(4.88 mmol, 900 mg) dissolved in acetone (15 mL) was slowly added to 
the solution over 60 min, resulting in the formation of a white solid. The 
reaction proceeded for 12 h at room temperature. Once the reaction was 
complete, the white solid was filtered, thoroughly washed with water, 
and recrystallized using ethanol. Finally, the product was dried in a 
vacuum oven at 80 ◦C, resulting in a pure final product with a yield of 
92 % in the form of a white solid (Dutta and Patra, 2021). 

2.4. Synthesis method to produce sulfonate-COF (TFPOTDB-SO3H) 

A solvothermal reaction was employed to synthesize a sulfonated 
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covalent organic framework (TFPOTDB-SO3H). In the process, a mixture 
of TFPOT (132.42 mg, 0.3 mmol), DB-SO3H (85 mg, 0.45 mmol), 1,4- 
dioxane (20 mL), and aqueous acetic acid (3 M, 2 mL) was prepared 
by ultrasonication (80 W, 15 min) to achieve a uniform dispersion. This 
mixture was then transferred to an autoclave and heated at 120 ◦C for 
72 h. The resulting solid, colored dark red-brown, was subsequently 
washed with ethanol, water, and ethanol in sequential order, followed 
by drying at 50 ◦C under vacuum conditions for 12 h with an impressive 
yield of 78 % (Krishnaveni, 2023). 

2.5. Batch adsorption experiments 

The 250 mL Erlenmeyer flask was utilized for performing the 
adsorption experiments. The flask contained varying specific amounts of 
TFPOTDB-SO3H and initial concentrations of metal ions, and the ex
periments were carried out at different times under non-continuous 
conditions. For the experiments involving Pb(II), solutions with 
desired concentrations were prepared by diluting a 1000 ppm Pb(II) 
solution. The removal procedures were studied to determine the optimal 
conditions by investigating the effects of pH (ranging from 2 to 7) and 
time (from 0.5 to 60 min). The initial concentration of Pb(II) ranged 
from 5.0 to 200 mg/L, while the adsorbent dosage was between 1.0 and 
100 mg/100 mL. After achieving adsorption equilibrium, the mixture 
was filtered to separate the adsorbent, and the remaining filtrate was 
analyzed using FAAS. Each experiment was repeated three times to 
ensure accuracy and reliability. The equations provided below were 
used to calculate the removal efficiency (Removal (%)) and equilibrium 
adsorption capacity (qe) for Pb(II): 

% Removal =
C0 − Ce

C0
× 100 (1)  

qe =
(C0 − Ce)V

m
(2) 

In these equations, C0 represents the initial concentration of the Pb 
(II) in the solution (measured in mg/L). The amount of Pb(II) adsorbed 
by the adsorbent at equilibrium is denoted as qe (measured in mg/g), 
and Ce refers to the residual concentration of the Pb(II) in the solution at 
equilibrium (measured in mg/L). The mass of the adsorbent is repre
sented by the variable m (measured in grams), while V denotes the 
volume of the Pb(II) solution (L). 

2.6. A step-by-step approach for the selective adsorption of Pb(II) 

A standard approach was followed to adsorb Pb(II) ions selectively. A 
250 mL Erlenmeyer flask held a 50-mL water-based solution consisting 
of Pb(NO3)2, Zn(NO3)2, Fe(NO3)3, Cd(NO3)2, Ni(NO3)2, Mn(NO3)2, and 
Co(NO3)2. Each substance was present at a concentration of 10 ppm and 
maintained at pH 6 using a buffer solution. To this mixture, 10.0 mg of 
TFPOTDB-SO3H was added, forming a slurry. The mixture was agitated 
for 10 min at ambient temperature. Following that, the mixture under
went filtration to separate the adsorbent. The resulting filtrate was 
subjected to FAAS analysis to determine its composition. 

2.7. A general recycling procedure 

To begin with, a 250 mL Erlenmeyer flask was utilized and filled with 
10.0 mg of TFPOTDB-SO3H. Then, a solution containing Pb(NO3)2 with 
a concentration of 10 ppm (50 mL) was added to the flask. The resulting 
mixture underwent stirring at room temperature for 10 min. Subse
quently, it was filtered using filter paper and rinsed with 50 mL of water. 
To regenerate the TFPOTDB-SO3H sample, it was stirred in a 0.1 M 
EDTA solution (50 mL) for 30 min, followed by filtration and washing 
with 20 mL of water. This regenerated TFPOTDB-SO3H was then ready 
for use in subsequent cycles. 

3. Results and discussion 

3.1. Synthesis of TFPOTDB-SO3H 

The solvothermal technique was utilized to create a sulfonated co
valent organic framework. This involved the combination of p-phenyl
enediaminesulfonic acid (DB-SO3H) and 2,4,6-tris-(4-formylphenoxy)- 
1,3,5-triazine (TFPOT) with the presence of a 3 M acetic acid catalyst. 
This reaction took place at 120 ◦C for 72 h in 1,4-dioxane. Initially, an 
intermediate enol-imine form with unstable imine bonds was generated 
through a reversible Schiff base reaction between aldehyde and amino 
components. The synthesis process is more straightforward and user- 
friendly than traditional vacuum solvothermal conditions (Scheme 1). 

3.2. PXRD, FT-IR, BET, and TGA analyses 

The TFPOTDB-SO3H adsorbent was synthesized and obtained as a 
solid material with a dark red-brown color. To confirm its crystalline 
structure, the PXRD technique was employed. Figs. S1a illustrates the 
PXRD spectrum specifically for TFPOTDB-SO3H. Within this spectrum, 
distinct peaks are observed at 4.4◦, 8.1◦, and 25◦, corresponding to the 
facets 100, 110, and 001, respectively. These peaks signify the presence 
of ordered structures of TFPOTDB-SO3H within the covalent organic 
framework, which extends along the COF layers’ π-π stacking arrange
ment. The main peak at 4.4◦ displays the highly ordered hexagonal 
structure of synthesized TFPOTDB-SO3H COF (Xu et al., 2016; Liu et al., 
2017) . The peak associated with facet 001 in the PXRD spectrum further 
supports this observation (Jeong et al., 2019). As can be found in 
Figs. S1a, the experimental PXRD pattern of the TFPOTDB-SO3H is in a 
good match with the simulated pattern. Furthermore, the FT-IR spec
troscopy analysis of TFPOTDB-SO3H (as depicted in Figs. S1b) corrob
orated the structure determined through PXRD. The FT-IR spectrum of 
the COF material exhibited the absence of adsorption peaks associated 
with the amine functional group of DB-SO3H and the carbonyl functional 
group of TFPOT at approximately 3400 and 1700 cm− 1, respectively. 
Conversely, a distinctive peak at 1005 cm− 1 indicated the presence of 
-SO3H groups by demonstrating the stretching band of O = S = O. 
Additionally, the emergence of a new peak at 1621 cm− 1 confirmed the 
successful synthesis of the COF by denoting the occurrence of the imine 
condensation reaction. These observations collectively suggest the suc
cessful synthesis of the framework material (Pachfule et al., 2018; Zhao 
et al., 2020) . The investigation proceeded to examine the porosity of the 
porous material through N2 sorption measurements conducted at a 
temperature of 77 K. The obtained results, depicted in Figs. S1c, 
exhibited type I sorption isotherms. Calculations based on the Brunauer- 
Emmett-Teller (BET) formula determined a surface area of 190.73 m2/g. 
Furthermore, employing the Barrett-Joyner-Halenda (BJH) technique, 
the average pore diameter and pore volume were estimated from the 
adsorption branches. The outcomes revealed values of approximately 
2.5 nm for pore diameter and 1.55 cm3/g for pore volume. Ensuring the 
stability of the adsorbent is a crucial aspect when it comes to its practical 
use. Thermal stability of a composite can be confirmed by looking at the 
TGA thermogram curve. If the curve is flat and shows no change in 
weight over a certain temperature range, then it can be said that the 
composite is thermally stable. If the curve shows a decrease in weight 
with increasing temperature, then it can be said that the composite is not 
thermally stable. As can be seen in Figs. S1d, TFPOTDB-SO3H is stable 
until 280 ◦C and it indicated 100 % weight loss at around 600 ◦C. 

3.3. Examining SEM and TEM data 

Figs. S2(a, b) present SEM and TEM images of TFPOTDB-SO3H, 
respectively. The SEM image suggests that the structure of the COF is 
composed of Spherical particles that are somewhat stuck together. 
Additionally, the TEM image displays a flake and layered configuration 
likely due to hydrogen bonding between layers. The analysis using 
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energy-dispersive X-ray spectroscopy (EDS) is depicted in Figs. S2c, 
revealing the presence of sulfur in the COF called TFPOTDB-SO3H. The 
image provides evidence of this. Additionally, it was determined that the 
percentage of sulfur in TFPOTDB-SO3H is 12.72 %. 

3.4. Lead removal 

Before conducting the adsorption experiments, the stability of 
TFPOTDB-SO3H in water was assessed using PXRD. By comparing the 
PXRD patterns of TFPOTDB-SO3H samples before and after being 
immersed in water, HCl (1 M) and NaOH (1 M) solutions for 24 h, it was 
observed that the crystallinity of both immersed TFPOTDB-SO3H and 
TFPOTDB-SO3H remained intact. This observation confirmed the water, 
acid, and base stability of the compounds (Fig. S3). 

The TFPOTDB-SO3H product was utilized to examine the influence of 
contact duration on the adsorption process of Pb(II) (Fig. 1a). The swift 
uptake of Pb(II) took place during the initial adsorption phase, reaching 
equilibrium within 10 min. After this time, no further enhancement in 
Pb(II) adsorption was observed. The rapid early-stage adsorption of Pb 
(II) is due to the availability of numerous open surface sites on the 
TFPOTDB-SO3H material. The efficient removal of Pb(II) heavily relies 
on the pH level’s significant involvement. A crucial point to consider is 
that when the pH reaches 6 or higher, a considerable amount of the 
overall lead content forms into Pb(OH)2 and becomes unadsorbable. 
Therefore, the pH range of 1.0 to 7.0 was selected for this study. Fig. 1b 
illustrates the effect of pH on the removal of Pb(II) ions by TFPOTDB- 
SO3H. The findings suggest that the adsorption of lead is affected by pH 
levels and can be influenced by the presence of various forms of lead at 
different pH levels. When the pH level is 2.0, Pb(II) takes the form of 
Pb+2 ions. This creates a situation where Pb+2 and H+ ions compete for 
the binding spots on TFPOTDB-SO3H, resulting in reduced absorption of 
Pb+2 ions. In the pH range of 2.0 to 6.0, the adsorption of lead increased 
linearly. This was primarily attributed to the creation of additional Pb 
(II) compounds like Pb(OH)+ and Pb2(OH)3

+. When the pH level exceeds 
6.0, lead ions undergo a chemical reaction to form lead hydroxide (Pb 
(OH)2), resulting in a reduction in the ability of lead to be adsorbed 
(Singh and Bhateria, 2020). The highest elimination effectiveness of 
99.8 % was attained when the pH level was adjusted to 6.0, identified as 
the most favorable pH condition for TFPOTDB-SO3H in this study. To 

gain insights into the interaction between the adsorbent and Pb(II), the 
surface charge density of TFPOTDB-SO3H was determined by employing 
the point of zero charge (PZC) measurement method. Generally, when 
the pH is lower than the PZC, the surface of the adsorbent becomes 
positively charged. This leads to electrostatic repulsion between the 
adsorbent and Pb(II) ions that carry a positive charge. On the other 
hand, if the pH surpasses the PZC, there is a phenomenon of electrostatic 
attraction caused by the presence of opposite charges between the 
adsorbent and the metal cation. According to Fig. 1c, the PZC of the 
adsorbent is 3.42, indicating a positively charged surface at pH values 
below this threshold. The pH range of 3–7 promotes the attraction be
tween the adsorbent and Pb(II) ions, aiding their adsorption. It is 
essential to highlight that the removal rate of Pb(II) surpasses 75 % 
under these conditions. The versatility of this adsorbent across various 
pH ranges suggests its potential utility in complex environments in the 
future. 

Various experiments were carried out utilizing varying quantities of 
TFPOTDB-SO3H, varying from 1.0 to 100 mg/100 mL, to optimize the 
dosage of the adsorbent (Fig. 1d). It was observed that increasing the 
quantity of TFPOTDB-SO3H led to a corresponding increase in the up
take of Pb(II), as more binding sites became available for the Pb(II) ions. 
A dosage of only 10 mg/100 mL of TFPOTDB-SO3H was sufficient to 
eliminate 99.56 % of the Pb(II) ions. The fraction of removed Pb(II) ions 
was not significantly impacted by further increases in dosage. The re
searchers examined the absorption of Pb(II) by TFPOTDB-SO3H at 
various levels of Pb(II) ions (ranging from 5 to 200 mg/L). The time, pH, 
and amount of adsorbent used remained constant at 10 min, 6.0, and 10 
mg/100 mL, respectively. The research findings indicated that when the 
Pb(II) concentration was raised from 5 to 200 mg/L, there was a 
noticeable decline in the efficiency of Pb(II) absorption, with the rate 
decreasing from 99.8 % to 69.9 % (Fig. 1e). This decrease in adsorption 
can be attributed to the limited availability of adsorption sites on the 
surface of TFPOTDB-SO3H due to the higher concentration of Pb(II) ions. 

To make adsorption more cost-effective for practical purposes, it is 
necessary to reduce the expenses by desorbing the adsorbed Pb(II) from 
TFPOTDB-SO3H and regenerating it. It has been observed that the most 
effective desorption occurred in a solution of 0.1 M EDTA. After un
dergoing four cycles of reuse, the adsorbent only experienced a slight 
decrease of 10.1 % in its removal efficiency percent, indicating its 

Scheme 1. A comprehensive method for synthesizing TFPOTDB-SO3H.  
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Fig. 1. Pb(II) removal efficiency of TFPOTDB-SO3H: time-dependent investigation (a), pH-dependent evaluation (b), Determination of pHPZC for TFPOTDB-SO3H (c), 
Impact of adsorbent dosage on Pb(II) removal (d), Influence of initial Pb(II) concentrations on TFPOTDB-SO3H performance (e), TFPOTDB-SO3H Recycling using 0.1 
M EDTA solution (f) and PXRD patterns of fresh TFPOTDB-SO3H and recycled one (g). 
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Fig. 1. (continued). 
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excellent regenerative capability (Fig. 1f). As seen in Fig. 1g, the XRD 
pattern of the recovered TFPOTDB-SO3H is not much different from the 
fresh one. This indicates that the structure of the catalyst was stable after 
recovery. 

Consequently, TFPOTDB-SO3H is regarded as an efficient and 
economical adsorbent for removing Pb(II) from contaminated 
wastewater. 

3.5. Lead adsorption kinetics 

Various kinetic models, including the pseudo-first-order model (Eq. 
(3)), pseudo-second-order model (Eq. (4)) and Elovich model (Eq. (5)) 
were utilized to understand the kinetics of the adsorption process. The 
equations representing these models are as follows: 

Ln(qe – qt) = lnqe – k1t (3) 

t
qt

=
1

k2q2
e
+

t
qe

(4)  

qt =
1
β

ln(αβ) +
(

1
β

)

lnt (5) 

The pseudo-first-order model involves variables such as qe (mg/g) 
and qt (mg/g), which indicate the adsorption capacity of metal ions at 
equilibrium and time t (min), respectively. The rate constant for the 

pseudo-first-order reaction, denoted as k1 (min− 1), determines the speed 
of the reaction. 

In the context of the pseudo-second-order model, the quantities qe 
(mg/g) and qt (mg/g) denote the equilibrium and time-dependent 
adsorption capacity of metal ions, respectively. The rate constant for 
the pseudo-second-order reaction is characterized as k2 (g mg− 1 min− 1). 
In the Elovich model, α (mg g− 1 min− 1) and β (g mg− 1) represent the 
initial adsorption rate and a constant providing information on the level 
of surface coverage. 

One can choose the most appropriate kinetic model for the experi
mental data by considering the correlation index (R2) and the calculated 
uptake capacity (qe,cal). The results of the fitting analysis are presented 
in Table S1 and Fig. S4. After analyzing Table S1, it was concluded that 
the pseudo-first- and pseudo-second-order kinetic models yielded higher 
R2 values (0.9828 and 0.9999, respectively) compared to the Elovich 
model (0.8756). Additionally, the pseudo-second-order model displayed 
a qe,cal value that matched the qe,exp value in Table S1. Based on the 
results, it can be concluded that the pseudo-second-order model pro
vides the best fit for describing the adsorption process. This suggests that 
chemisorption, involving ion exchange and coordination between metal 
ions and sorbent, may be the rate-limiting step in the adsorption of metal 
ions onto TFPOTDB-SO3H. The outcomes as a whole align with prior 
research findings (Dinari and Hatami, 2019; Wang et al., 2023) . 

3.6. Lead adsorption isotherms 

The equilibrium distribution of adsorbate molecules between the 
solid and liquid phases can be assessed by conducting adsorption 
isotherm studies. In this study, the Langmuir, Freundlich, and Temkin 
isotherm models were employed to analyze the results obtained from the 
isotherm experiments (Fig. 2). The equations (6) to (8) represent the 
linear forms of the Langmuir, Freundlich and Temkin adsorption 
isotherm equations, respectively: 

Ce

qe
=

1
KLqm

+
Ce

qm
(6)  

logqe = logKF +
1
n

logCe (7)  

qe =
RT
bT

lnAT +
RT
bT

lnCe (8)  

The equations contain various symbols and constants. Ce represents the 
equilibrium concentration of Pb(II) measured in mg/L, while qe represents 
the amount of lead adsorbed at equilibrium measured in mg/g. KL is the 
Langmuir isotherm constant measured in L/mg, and KF ([(mg/g)(L/mg)1/ 

n]) and 1/n are the Freundlich isotherm constants. AT and bT are the 
Temkin isotherm constants related to the equilibrium binding constant and 
adsorption heat, respectively, measured in L/g. R is the universal gas 
constant equal to 8.314 J/mol⋅K, and T represents the temperature in 
Kelvin. If the value of n obtained from the calculations is greater than 1, it 
indicates favorable adsorption, while a value of n equal to 0 indicates 
irreversible adsorption (Arica et al., 2017). Furthermore, the variables 
associated with each model’s isotherm and their regression coefficient (R2) 
can be obtained from the graphs, as outlined, and summarized in Table 1. 
The model’s suitability can be assessed by comparing the R2 values of 
different models. A higher R2 indicates a more appropriate model. By 
examining the results in Table 1, it is evident that the Langmuir model 
exhibits a higher R2 compared to the Freundlich and Temkin models across 
various temperature conditions. This suggests that the Langmuir model 
provides a better description of the influence of Pb(II) adsorption on 
TFPOTDB-SO3H. Furthermore, it indicates that the adsorption of Pb(II) on 
TFPOTDB-SO3H follows a single-layer type adsorption mechanism 
(Omidvar-Hosseini and Moeinpour, 2016; Min et al., 2019) . Initially, the 
adsorbent’s surface sites with the highest energy are occupied. The Lang
muir isotherm, which assumes a uniform surface with equal adsorption 

Fig. 2. Linearized plots of isotherms models Langmuir (a), Freundlich (b), and 
Temkin (c) for Pb(II) adsorption on TFPOTDB-SO3H. 
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sites, non-interacting adsorbed molecules, and a monolayer formation at 
maximum adsorption, supports this observation. Once a site is filled, no 
additional adsorbates can bind to that site, resulting in saturation and 
maximum adsorption of the surface(Heidari-Chaleshtori and 
Nezamzadeh-Ejhieh, 2015; Beigzadeh and Moeinpour, 2016) . The equa
tion RL = 1

1+KLC0 
defines the dimensionless parameter RL, whose value in

dicates the adsorption characteristics. An RL value within the range of 0 to 
1 signifies acceptable adsorption, RL greater than 1 suggests unfavorable 
adsorption and RL =0 indicates irreversible adsorption (Zandi-Mehri et al., 
2022). In the present study, the RL values observed ranged from 0.0654 to 
0.0002, indicating the effective adsorption of Pb(II) onto the TFPOTDB- 
SO3H material. The Freundlich constant (KF) diminished when the reac
tion temperature increased, demonstrating that the TFPOTDB-SO3H’s 
capability to adsorb Pb(II) was reduced with an increase in temperature. 
The TFPOTDB-SO3H shows remarkable results regarding its adsorption 
capacity for Pb(II) ions. This is likely due to the abundance of sulfonic acid 
groups and N, O atoms on the TFPOTDB-SO3H skeleton, which increases 
the density of ion exchange and coordination sites, leading to a high metal- 
loading capacity and affinity. 

3.7. Pb(II) adsorption thermodynamics 

The influence of temperature on the adsorbent’s ability to adsorb is 
observable. The uptake of Pb(II) ion onto the TFPOTDB-SO3H was 
investigated at different temperatures ranging from 298 to 323 K. A 
correlation was noticed wherein higher temperatures led to a decrease in 
adsorption, suggesting the occurrence of an exothermic adsorption 
phenomenon, which aligns with previous findings (Tang et al., 2021; 
Zandi-Mehri et al., 2022; Wang et al., 2023) (Fig. S5). To evaluate the 
possibility and comprehend the adsorption procedure, an analysis was 
conducted on the thermodynamic parameters ΔG (change in free en
ergy), ΔH (change in enthalpy), and ΔS (change in entropy). The 
determination of ΔH and ΔS involved calculating their values by 
analyzing the slopes and intercepts derived from the graphical repre
sentations of ln Kc versus 1/T (Fig. S6), employing the following 
equations. 

ln(Kc) = ln
(

qe

Ce

)

=
− ΔG
RT

(6)  

ln(Kc) =
− ΔH

RT
+

ΔS
R

(7)  

ΔG = ΔH − TΔS (8) 

The thermodynamic constant Kc (L/mg) is determined by qe/Ce, with 
R (8.314 kJ/mol.K) being the gas constant and T (K) the absolute tem
perature. Table S2 provides the amounts of ΔG, ΔH, and ΔS for Pb(II) 
uptake onto the adsorbent. The adsorption process is characterized as 
exothermic due to a negative ΔH value. The findings align with previous 
research, indicating that as the solution temperature increased, there 
was a decrease in the percentage of Pb(II) removal achieved by utilizing 
phenylthiosemicarbazide-functionalized UiO-66-NH2 (Tang et al., 
2021). The ΔH value provides exciting information about the type of 
adsorption process. Table S2 shows that the adsorption of Pb(II) onto 
TFPOTDB-SO3H has an ΔH value of − 122.149 kJ/mol, indicating a 
certain percentage of chemical adsorption (Okoli et al., 2019). 

Additionally, the negative ΔG values suggest that the adsorption process 
is spontaneous and feasible within the studied temperature range. The 
negative ΔG also suggests that the binding energy between the lead- 
adsorbent is stronger than that between lead-solvent, which drives the 
redistribution of Pb(II) cations in the system and leads to the sponta
neous adsorption of lead on TFPOTDB-SO3H (Sprynskyy, 2009). As 
temperatures rise, the mobility of Pb(II) ions increases, causing them to 
move from the solid phase to the liquid phase. This results in a decrease 
in the amount of Pb(II) ions adsorbed; this is reflected by negative values 
of entropy change (Aravindhan et al., 2007). In comparison, pure ion 
exchange processes involve lead in solution being replaced with either a 
divalent ion like Ca2+ or two monovalent ions such as K+ or Na+. 
However, negative entropy change values suggest that chemisorption 
due to complex formation is more effective for removing Pb(II) than ion 
exchange (Nezamzadeh-Ejhieh and Kabiri-Samani, 2013). 

3.8. Examining the lead adsorption selectivity 

In practical scenarios, the presence of other metal ions poses a sig
nificant challenge to the adsorption performance of the adsorbent. To 
address this issue, we conducted a competitive experiment using 
TFPOTDB-SO3H to quantify the adsorption of Pb(II) in the presence of 
other metal ions. We employed TFPOTDB-SO3H to selectively adsorb a 
mixed solution containing ions at equal concentrations ([Co(II), Fe(III), 
Cd(II), Zn(II), Mn(II), Ni(II), Ca2+, Mg2+ and Pb(II) (10 mg/L)]), and 
anions (chloride, sulfate, nitrate, and bicarbonate (100 mg/L)) followed 
filtration and analysis of the cation contents using FAAS. The results in 
Fig. S7 demonstrate that within 10 min, TFPOTDB-SO3H effectively 
adsorbs Pb(II) with a removal rate exceeding 99.75 %, while the removal 
rate for other metal ions remains below 17 %. Also, the amount of Pb(II) 
removal in the presence of chloride, sulfate, nitrate and bicarbonate 
anions was equal to 98.50 %, 98.30 %, 99.30 % and 98.6 % respectively. 
These findings unequivocally indicate minimal competition from other 
metal ions and anions. Determining the distribution coefficient (Kd) is a 
crucial method for assessing the affinity of a sorbent towards a specific 
metal ion. The Kd can be calculated using the equation Kd = (C0-Ce) V/Ce 
m, where C0 denotes the initial concentration of ions, Ce represents the 
concentration of ions at equilibrium, V signifies the volume of the so
lution in milliliters, and m indicates the mass of the adsorbent in grams. 
The Kd value is a significant performance indicator for the adsorption of 
metal ions and adsorbent. Typically, a Kd value of 1.0 × 105 mL/g is 
considered highly favorable (Huang et al., 2017). In this study, the re
searchers utilized Kd to investigate the binding strength between 
TFPOTDB-SO3H and Pb(II). Table S3 presents a higher Kd value for Pb 
(II), indicating its preferential binding to TFPOTDB-SO3H. This suggests 
that Pb(II) has a greater tendency to displace other metal ions from the 
active sites on TFPOTDB-SO3H. These findings indicate that TFPOTDB- 
SO3H exhibits a strong preference and high selectivity when sorbing 
Pb2+. The exceptional selectivity can be attributed to the following 
factors: (1) the abundant sulfonic acid groups and N, O atoms in 
TFPOTDB-SO3H foster robust interactions with Pb2+; (2) in general, 
adsorbents tend to selectively adsorb cations with lower hydration en
ergies, as the metal ions need to shed a significant amount of hydrated 
water before entering the narrower channels of the adsorbents (Marcus, 
1991; Eren et al., 2009; Du et al., 2012; Peng et al., 2014)). This is 
supported by a comparison of Gibbs free energy of hydration values: 

Table 1 
Comparative analysis of adsorption isotherms (Langmuir, Freundlich, and Temkin) for Pb(II) ions adsorption on TFPOTDB-SO3H.   

Langmuir Freundlich Temkin 

T (K) qm (mg/g) KL (L/mg) RL
a range R2 KF [(mg/g)(L/mg)1/n] n R2 AT (L/g) bT (J/mol) R2 

298  500.00  2.857 0.0654–0.0017  0.961  356.533  3.005  0.931  88.280  18.604  0.895 
308  181.82  7.856 0.0248–0.0006  0.975  159.247  1.871  0.967  3.921  12.649  0.944 
323  51.28  24.375 0.0081–0.0002  0.992  60.576  1.476  0.974  0.903  12.600  0.949  

a The range of initial concentrations of Pb(II) ions was 5–200 mg/L. 
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Ca2+ (1683.6 kJ/mol), Mg2+ (2046.4 kJ/mol), Ni2+ (2482 kJ/mol), 
Fe3+ (4309.5 kJ/mol), Zn2+ (2047.6 kJ/mol), Mn2+ (1904.1 kJ/mol), 
Co2+ (2035.9 kJ/mol), Cd2+ (1755 kJ/mol), and Pb2+ (1425 kJ/mol) 
(Moon and Jhon, 1986). Pb2+ exhibits the lowest energy, indicating a 
higher tendency for preferential adsorption compared to other cations 
(Marcus, 1991; (3) studies have shown that larger ionic radius facilitates 
interactions between metal ions and functional groups of the adsorbent 
(Lau et al., 1999; Low et al., 2004; Yu et al., 2013) . The radius of Ca2+, 
Mg2+, Ni2+, Fe3+, Zn2+, Mn2+, Co2+, and Cd2+ are 0.100 nm, 0.072 nm, 
0.069 nm, 0.055 nm, 0.074 nm, 0.067 nm, 0.065 nm, and 0.095 nm, 
respectively, while Pb2+ has a radius of 0.119 nm. The larger radius 
makes TFPOTDB-SO3H highly selective for Pb2+ adsorption. Also, the 
findings revealed that anions had no considerable effect on the 
adsorption of Pb2+ in the experimental conditions (Fig. S7). 

3.9. Lead adsorption and desorption mechanism 

Scheme 2 presents a proposed mechanism for the attachment and 
release of Pb(II) ions onto TFPOTDB-SO3H. The results obtained from 
various analyses (including XRD, BET, FT-IR, pHpzc, and batch 
adsorption) led to the proposition of a plausible adsorption mechanism. 
Specifically, for the adsorption of mono-component Pb2+, it was deter
mined that the adsorption mechanism on TFPOTDB-SO3H involved a 
combination of physical adsorption, electrostatic interaction, and sur
face complexation. The SEM and BET information revealed the presence 
of abundant mesopores with large pore volume and size, which facili
tated the removal of Pb2+ ions by providing mass transfer pathways and 
adsorption domains (Hou et al., 2018; Yang et al., 2019) . Some ions 
diffused into the pores and deposited on the surface of TFPOTDB-SO3H. 
Additionally, electrostatic interaction occurred between positively 
charged Pb2+ and negatively charged TFPOTDB-SO3H at pH 6, although 
its contribution was considered secondary (Song et al., 2019; Yang et al., 

2019) . Therefore, the primary adsorption mechanism was identified as 
surface complexation, whereby the positively charged Pb2+ interacted 
with negatively charged surface-active sites on TFPOTDB-SO3H via 
electrostatic attraction. The sulfonyl groups on TFPOTDB-SO3H served 
as sites for Pb2+ removal, where coordination with O and N atoms 
occurred (Deng et al., 2019). The surface complexation involving Pb2+

and surface N and O atoms proceeded simultaneously, with lone pair 
electrons playing a pivotal role in complex formation (Chen et al., 2016; 
Wu et al., 2019) . The N and O atoms, known for their strong tendency to 
donate lone pair electrons, exhibited high bonding capacity for 
capturing Pb2+. Overall, the multifunctional groups and unique struc
ture of TFPOTDB-SO3H were crucial in the comprehensive adsorption 
mechanism for Pb2+ in complex environments. As a result of electro
static attraction, these groups became connected to the Pb(II) ion. By 
utilizing 0.1 M EDTA, the Pb(II) ions were subsequently released. 

Scheme 2. The adsorption process of Pb(II) by TFPOTDB-SO3H and its probable mechanism.  

Table 2 
Comparison of maximum adsorption capacities of Pb(II) utilizing different 
adsorbents.  

Adsorbent Langmuir adsorption capacity qm 

(mg/g) 
References 

Ni0.6Fe2.4O4-HT- 
COF  

411.8 (Wang et al., 2023) 

Fe3O4@SiO2-NH2  243.9 (Zhang et al., 2013) 
MOFs-DHAQ  232.5 (Zhao et al., 2020) 
UiO-66-EDTA  357.9 (Wu et al., 2019) 
COF-SH  239.0 (Cao et al., 2020) 
Amide-COF  185.7 (Li et al., 2019) 
SBFB a  57.471 (Praipipat et al., 2023) 
Pea peel (biochar)  152.50 (Novoseltseva et al., 

2021) 
TFPOTDB-SO3H  500.0 This study  

a Sugarcane bagasse powder doped iron(III) oxide-hydroxide beads. 
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3.10. Assessments of performance 

The maximum adsorption capacity of Pb(II) by the TFPOTDB-SO3H 
was compared to other adsorbents mentioned in Table 2. The TFPOTDB- 
SO3H’s high porosity, which results in a large surface area for Pb(II) 
adsorption, indicates its significant advantages. This is attributed to its 
high adsorption capacity of 500 mg/g and rapid removal within 10 min. 
Consequently, the TFPOTDB-SO3H nano adsorbent shows promise as an 
effective and selective solution for removing Pb(II). 

4. Conclusion 

In summary, COFs have demonstrated an excellent ability in 
removing heavy metals due to the unique features such as high porosity, 
stability, large surface area, as well as more accessible active sites. This 
study presents a simple approach for creating sulfonated covalent 
organic framework (TFPOTDB-SO3H) as an effective adsorbent to 
eliminate Pb(II) ions from water samples. The XRD pattern showed a 
sharp peak at 4.4◦ which confirm the highly ordered and hexagonal 
structure in the synthesized COF. In addition, BET results display a high 
surface area of 190.73 m2/g with a pore size of 2.5 nm. Experimental 
tests revealed that the optimal adsorption occurred at pH 6.0 for Pb(II) 
ions. The adsorption behavior of Pb(II) ions onto TFPOTDB-SO3H fol
lowed the Langmuir isotherm model and the pseudo-second order 
model, describing monolayer adsorption on the sorbent surface with a 
maximum adsorption capacity of 500.0 mg/g at 298 K. Thermodynamic 
analysis indicated that the adsorption process was spontaneous and 
exothermic. Complete desorption of adsorbed Pb(II) ions was achieved 
using 0.1 M EDTA. Reusability investigations demonstrated that 
TFPOTDB-SO3H maintained over 89 % of its initial efficiency after 4 
cycles. The TFPOTDB-SO3H COF has demonstrated its potential as an 
effective, economical, and eco-friendly adsorbent, with additional ben
efits such as ease of production and no by-product generation. There
fore, it holds promise as a valuable tool in environmental pollution 
remediation efforts. 
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