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A B S T R A C T   

Porous organic frameworks that are bound covalently are eye-catching materials in the current research. The 
present work describes the solvothermal synthesis of a combination of 3,3′,5,5′-tetramethyl-[1,1′-biphenyl] 4,4′- 
diamine and benzene-1,3,5-tricarbaldehyde through covalent bonding to generate TBBT-covalent organic 
framework (TBBT-COF). The structural, morphological, and computational characterizations confirm the for-
mation of COF. TBBT-COF has been used as an adsorbent for the removal of Pb2+ ions from aqueous media. The 
effects of pH, initial metal ion concentration, competing ions, and adsorbent dosage were optimized to attain 
maximum adsorption of Pb2+. The kinetics follow pseudo-second-order and govern the chemisorption of Pb2+

with the imine group of TBBT-COF. The X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) 
analyses of TBBT-COF after adsorption of Pb2+ support the chemisorption of Pb2+with TBBT-COF. The 2D 
contour and 3D surface response plots were used to assess the specific and comparative effects of the experi-
mental variables. An analysis of variance (ANOVA) of the regression model was used to establish the relevance of 
the primary influencing variables on the adsorption of Pb2+over TBBT-COF. It was found to remove 99 % of Pb2+

in 90 min. The results of the real-sample analysis show the efficient removal of Pb2+ even in the presence of other 
cations. The statistical analysis of the adsorption has been conducted, which indicates the suggested models 
closely match the experimental data. The high surface area, covalency, and stability of TBBT-COF show its good 
adsorbent properties.   

1. Introduction 

Water is an essential natural source that is getting polluted across the 
globe due to uncontrolled human activities [1,2]. The buildup of heavy 
metals, dyes, pesticides, insecticides, and pharmaceuticals is the main 
cause of water pollution [3,4]. Heavy metals are of different types based 
on their toxicity level. Cu, Fe, Mn, and Co are the essential metals; Zr, Li, 
Al, and Ba are non-essential metals; Sn and As are less toxic; and Hg, Pb 
and Cd are highly toxic metals [5,6]. Lead is being used in batteries, 
tyres, vehicles, pesticides, paints, electroplating, mining, and ceramic 
industries [7,8]. The high stability of Pb persists in water, accumulates 
in soil, and then enters the food chain and causes ecological imbalance 
[9]. The permissible limit of Pb in drinking water is 0.01 mg/L [10,11]. 

Exposure to Pb causes several health issues among humans, like low 
fertility, depressive disorder, renal damage, anaemia, peripheral neu-
ropathy, and miscarriage [12–14]. Hence, to reduce these health risks, it 
is essential to treat the accumulated lead in water. 

Many techniques have been found in the literature for the removal of 
lead, like reverse osmosis, membrane filtration, coagulation, ion- 
exchange, electrochemical deposition, photocatalysis, and adsorption 
[15–18]. Many of these methods have their own limitations, like 
incomplete removal, toxic byproducts, being tedious, not being 
economical, and requiring high energy [19–22]. Adsorption is a simple 
surface phenomenon known for its efficiency, simplicity, 
cost-effectiveness, and speed [23]. A variety of materials have been used 
as adsorbents, such as clays, aluminosilicate minerals, metal oxides, 
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activated carbon, zeolites, Carbon nanotubes, and graphene-based ma-
terials [24–29]. There are several reports on the removal of Pb2+ ions 
using carbon based materials from aqueous solution [30–34]. All these 
methods exhibit major limitations like lower surface area, non crystal-
linity, low porosity, low stability, and difficult synthetic strategies [35, 
36]. Hence, the development of materials with high porosity, stability, 
and enhanced surface area with suitable adsorption sites is in high 
demand. 

Covalent organic frameworks (COFs) are a class of metal-free poly-
meric materials with good stability due to π-π interactions. COFs exhibit 
high surface area, highly ordered arrangement, and sufficient porosity 
[37–39]. The predesigned structure of COFs is an additional advantage 
and consists of light metals like carbon, nitrogen and oxygen moieties. In 
addition, COFs consist of continuous building blocks that are inter-
weaved through strong covalent bonds [40,41]. The characteristics of 
COFs are attractive and hence find applications in energy storage, 
photocatalysis, adsorption, catalysis, sensors, optoelectronic devices, 
and drug delivery [42–44]. 

The dimensionality, porosity, and versatile structures of COFs mainly 
depend on synthetic strategies. COFs have been widely synthesized 
using solvothermal, microwave, ionothermal, sonochemical, electron 
beam-induced, and mechanochemical methods [45–47]. Most of these 
methods have their own drawbacks, like impurities in the end product, 
the use of UV light, which is not economical, the use of an ultrasonicator, 
low productivity, and reactor erosion. The solvothermal method using 
pyrex tubes for the synthesis of COFs is well known for the generation of 
stable crystals. 

The authors in the present work describe the solvothermal method in 
a pyrex tube using 3,3′,5,5′-tetramethyl-[1,1′-biphenyl] 4,4′-diamine 
(TBD), and benzene-1,3,5-tricarbaldehyde (BTC) to synthesize TBBT- 
COF through imine linkage. Certainly, the use of imine-linked TBBT- 
COF for the removal of Pb2+ ions is indeed a relatively novel and 
innovative concept. Heavy metal pollution, with a particular focus on 
lead (Pb2+), stands as a formidable environmental concern of our times. 
This research makes a significant contribution to the collective 
endeavour of discovering efficient and sustainable methods for reme-
diation. By targeting the removal of Pb2+ ions using imine-linked TBBT- 
COF, the work not only acknowledges the gravity of the issue but also 
propels us toward a cleaner and more sustainable environmental future. 
The integration of both simulated (theoretical) and experimental (real- 
world) studies in this research is a groundbreaking and holistic meth-
odology. This dual approach not only bolsters the credibility of the 

findings but also enriches the study with a well-rounded perspective, 
ensuring a thorough understanding of the removal process for Pb2+ ions 
using imine-linked TBBT-COF. A statistical analysis of adsorption has 
been conducted using various mathematical models. To comprehend the 
capability of adsorbing target metal ions combined with competing 
cations, real sample analysis has been assessed. This research opens up 
the possibility of using different COFs to remove pollutants from water 
through adsorptive means. 

2. Experimental 

2.1. Materials 

Chemicals required for all the expermentaions were procurreed from 
Merck India Pvt. Ltd. All the chemicals are of AR grade and double 
distilled water was used through out unless its mentioned. All the sol-
vents and acids mentioned were used directly without any further pu-
rification. 3,3′,5,5′-tetramethyl-[1,1′-biphenyl] 4,4′-diamine 
(C16H21ClN2), Benzene-1,3,5-tricarbaldehyde (C9H6O3), Acetic acid 
(CH3COOH), N,N-dimethyllformamide (C3H7NO), tetrahydrofuran 
(C4H8O) were used for the synthesis of –TBBT-COF. Sodium hydroxide 
(NaOH), Hydrochloric acid (HCl) and Lead Nitrate (Pb(NO3)2) were 
used for adsorption experiments. 

2.2. Synthesis of TBBT-COF 

1 mmol (240 mg) of 3,3′,5,5′-tetramethyl-[1,1′-biphenyl] 4,4′- 
diamine (TBD), 2 mmol (320 mg) of Benzene-1,3,5-tricarbaldehyde 
(BTC), and the appropriate amount of mesitylene and acetic acid solu-
tion were taken in a 10 mL test tube. The solution was transferred to a 
pyrex tube after being ultrasonically treated for 25 min. The tube un-
derwent three cycles of freeze-pump-thaw to remove air bubbles before 
being placed in a liquid N2 bath. Next, we sealed the tube and heated it 
to 120 ◦C for 24 h. A TBBT-COF was prepared (Scheme 1) by collecting 
the precipitate by centrifugation, washing it with N,N- 
dimethyllformamide (DMF) and tetrahydrofuran (THF), and then 
dried in 4 h at 120 ◦C. The reaction yield was found to be 87 %. 

2.3. Instrumentation 

In order to obtain the X-ray diffraction (XRD) patterns, a Bruker D2 
Phaser XRD equipment was used. Scanning electron microscopy (JEOL 

Scheme 1. Synthesis of TBBT-COF.  
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JSM 840) with energy dispersive spectroscopy (EDS) was used to 
investigate the surface morphology (SEM). The images from the TEM 
were captured with a Philips CM-200 camera. Using an ASAP 2010 
Micrometrics instrument calibrated with the Brunauer-Emmett-Teller 
(BET) method, the TBBT-COF’s BET surface area, total pore volume, 
and average pore size were determined. KRATOS-AXIS ULTRA DLD with 
Al-Kα radiation (1486.6 eV) was used for X-ray photoelectron spec-
troscopy (XPS) analysis. 

2.4. Sensitivity analysis 

The competitive adsorption from a mixture containing 1 mM of K+, 
Na+, Mg2+, Co2+, Cu2+, Cr3+, Cd2+, Hg2+, and Pb2+ ions over pH values 
of 2 and 6 has been evaluated. To these solutions (10 mL), 0.01 g TBBT- 
COF was added and allowed to attain equilibrium for 1 h. pH of the 
solution was adjusted using 0.1 M HCl/NaOH. Further adsorption 
studies were conducted for the highest selective metal ions. 

2.5. Batch adsorption experiments 

The adsorption efficiency of TBBT-COF was examined using the 
batch method. Batch experiments were conducted in 100 mL conical 
flasks by adding 25 mL of Pb2+ at concentrations of 100, 200, 300, and 

400 ppm. Time was varied from 10 to 90 min, pH (1.0 to 8.0), and Pb2+

concentration (100 to 400 ppm) were optimised in three steps. The 
DPASV method was used with the Electrochemical Workstation (CHI 
660D) to assess the metal ion concentration. The evaluation was carried 
out in a three-electrode electrochemical cell consisting of a counter 
electrode (platinum wire), a reference electrode (saturated calomel), 
and a working electrode (glassy carbon, Ø = 3 mm). After 90 min of 
adsorption, the solutions were filtered and evaluated for regeneration 
studies. Eqs. (1) and (2) have been used to calculate the amount of Pb2+

that remained during the adsorption process and the removal percent-
age, respectively. 

qe =
(Ci − Ce)V

w
(1)  

Removal% =
Ci − Ce

Ci
× 100 (2) 

qe is the concentration of the adsorbent phase at equilibrium (mg/g 
adsorbent), 

Ci initial concentrations (mg/L) 
Ce final (equilibrium) concentrations (mg/L), 
V solution volume (L) 
w sorbent weight (g) [48]. 

Fig. 1. a) Experimental and simulated XRD curves TBBT-COF, b) Simulated structure of TBBT- COF, c) TBBT-COF AA stacking, d) TBBT-COF AB stacking, e) TBBT- 
COF AA stacking interlayer spacing and f) TBBT-COF AB stacking interlayer spacing. 
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2.6. Statistical analysis 

2.6.1. Box-Behnken design experimental design 
Using RSM-based Box-Behnken design (BBD), the model parameters 

corresponding to the highest removal efficiency are evaluated. The RSM- 
BBD is a strong tool that is frequently used to optimise the key opera-
tional variables that influence the adsorption process. Additionally, the 
statistical analysis sheds light on how the specified process factors 
interact with one another. In RSM, the response parameter and the 
control parameter are related through a model equation. Utilizing 
Design-Expert software (12 versions), Pb2+ adsorption onto TBBT-COF 
from aqueous solutions was modelled and optimized. 

In this analysis, time (A), pH (B), and Pb2+ concentration (C) were 
used as controlling variables to figure out how well TBBT-COF removed 
the Pb2+. The three variables were set up in a three-level BBD with the 
codes 1, 0, and +1. The chosen variables were run 15 times. The con-
centrations and variables applied in this study, which is followed by the 
experiments, are listed in Table S1. Coefficients of determination, 
analysis of variance, and analysis graphs were used to analyse the ob-
tained results. These were further fitted to the following three-variable 
quadratic polynomial equation. 

Y(%) = β0 +
∑3

i=1
βiXi +

∑3

i=1
βiiX2

i +
∑

i<j
βijXiXj (3)  

where Y represents the Pb2+adsorption efficiency; 
Xi is the considered variables; 
β0, βi, βii and βij are the intercept, quadratic, linear, and interaction 

effects, respectively. 

2.6.2. Statistical error analysis 
The nonlinear regression analysis on equilibrium and kinetic models 

was performed using experimentally obtained results. Experimental 
data were calculated using Microsoft Excel. Using the following statis-
tical parameters, the goodness of fit was analysed: SSE, APE, χ2, RMSE, 
HYBRID, ARE, SAE, AIC, NSD, MPSD and AICc. The mathematical for-
mulations for statistical parameters are shown in Table S2 (Equations 
4–12) [49]. 

2.7. Study of kinetics and isotherm 

Four kinetic models were applied to analyse the adsorption behav-
iour of TBBT-COF. 

(i) Lagergren pseudo-first-order equation depending on solid ca-
pacity [50]  

(ii) Ho and Mckay ’pseudo-second-order reaction on the solid phase 
sorption model [51]  

(iii) intra-particle diffusion [52]  
(iv) Elovich kinetic model [53] 

The equilibrium isotherm of adsorption was calculated using three 
isothermal models.  

(i) Langmuir isotherm[54]  
(ii) Freundlich isotherm[55]  

(iii) Dubinin-Radushkevich isotherm [56]. 

3. Results and discussion 

3.1. Material characterization 

The experimental XRD patterns of TBBT-COF and the simulated data 
are in good agreement, as seen in Fig. 1a. The peaks positioned at 2θ- 
6.32, 7.34, 9.36, 13.18 and 26.76◦, which are perfectly indexed to the 
(100), (110), (200), (220), and (001) diffractions, respectively. Mate-
rials Studio version 7.0 was used for research into lattice simulation and 
structural optimization. TBBT-COF is found to have the space group P6. 
The Pawley refinement afforded the hexagonal unit cell with parameters 
of a = b = 29.089, c = 3.02 and the phase angle α = β= 90 0,γ= 120◦ for 
TBBT-COF. The TBBT-COF pores are 28.84 Ao in width (Fig. 1b), which 
also confirms the formation of a hexagonal lattice, and the results are in 
agreement with the BET explained below. The positions of peaks and 
intensities of the simulated AA stacking modes (Fig. 1c) were in agree-
ment with those of the experimental XRD patterns. The experimental 
results are indicative of the structural arrangement of the prepared 
sample, which is inconsistent with the staggered AB stacking modes 

Fig. 2. TBBT-COF a-c) SEM monograph, d) EDS mapping e) C and f) N.  
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(Fig. 1d). The interlayer distance for AA and AB stacking was found to be 
3.02 Ao and 8.06 Ao respectively (Figs. 1e and 1f). The distance between 
AA layers at 26.76, where the (001) diffraction peaks occur, is consistent 
with the π-π stacking distance between vertically stacked aromatic 
layers. 

Adsorbent surface shape and composition were investigated using 
scanning electron microscopy (SEM) combined EDS analyses. Loosely 
packed flakes of a small spheroidal size can be seen in Figs. 2a–c. 
Although an average diameter of 100 nm was achieved, its shape 
resembled that of irregularly packed flakes and was not clearly defined. 
Because of the formation of frameworks, TBBT-COF has a rough surface. 
Due to the undefined shape and crystallinity, of TBBT-COF through SEM 
analysis, samples were further investigated using transmission electron 
microscopy. No other impurities besides C and N have been detected by 
EDS mapping, and the presence of these elements is homogeneous 
throughout the adsorbent (Figs. 2d–f). TEM scans, as shown in Fig. 3, 
revealed an aggregate of flakes with a rather uniform size and a roughly 
spherical morphology. 

The fact that its nitrogen adsorption isotherm at 77 K fits the type IV 
isotherm curve (Fig. 4) shows that TBBT-COF is a mesoporous material. 
The voids created by the loose accumulation of particles caused the 
nitrogen absorption to increase dramatically with a hysteresis loop when 
P/P0 > 0.9. Surface areas calculated using the Brunauer-Emmett-Teller 
(BET) method were found to be 842 m2/g. Alternatively, a value of 
28.37 Ao was determined for the material’s porosity by fitting the 

adsorption curve with generalized function theory (NLDFT), as shown in 
(inset Fig. 4). Adsorption is considerably aided by the TBBT-COF due to 
its large specific surface area and narrow pore size distribution, as 
shown above and as indicated by the simulated calculations.The broad 
peak observed from 2800 to 3100 cm− 1 in the FTIR spectrum of TBBT- 
COF (Fig. S1) can also be related to the physically adsorbed water 
molecules and the unreacted amine groups on the margins of the TBBT- 
COF sheets. The peaks appearing in the area of 1449− 1601 cm− 1 

related to the formation new imine linkages. The peaks at 1395 and 
1205 cm− 1 can be assigned to aromatic C–N and C–C ring stretching 
vibration, respectively. The peak at 782 cm–1 corresponds to the out-of- 
plane bending vibration of aromatic C–H. Consequently, these results 
clearly confirmed the successful formation of a polymer network of 
TBBT-COF. 

3.2. Adsorption study of Pb2+ onto TBBT-COF 

3.2.1. Selectivity of metal ions 
Targeted ions do not often exist alone in real-world applications but 

instead coexist with competing metal ions. The heavy metal adsorption 
from various sources into adsorbents is caused by the interaction of the 
solute with the surface functionality through electrostatic, weak Van der 
Waals forces of attraction, the formation of complexes, and even 
hydrogen bonding. Additionally, it was observed that the adsorbent 
operates differently in the adsorption of a multi-metal ion solution even 
when the pH conditions are the same. The selectivity of heavy metal ion 
adsorption is known to be significantly influenced by the initial pH of 
the metal ion mixture. This is so because pH has an impact on both the 
surface charge of the adsorbents and the chemical structure of metal ions 
in solution. Consequently, it is crucial to investigate how these types of 
parameters affect the sensitivity of the adsorption mechanism. Fig. 5a 
shows the metal ion adsorption selectivity following TBBT-COF 
adsorption experiments. When adsorption selectivities for TBBT-COF 
were taken into account, the material recorded 99 % adsorption capa-
bility towards Pb2+ ions at pH 6. The type of chelation effect, the metal 
ion’s hardness or softness, the oxidation state of the metal ion, the 
ligand, the ionic potential, and the ionic size of the metal ions are often 
factors that affect the unique molar selectivity of ligands [57,58]. 
Therefore, it was noted that, under similar pH conditions, the adsorbent 
will function differently in the adsorption of a multi-metal ion solution. 
Particularly, the capacity for complexation is a major cause of adsorp-
tion. According to Table 1, which lists the ionic size and electronega-
tivity of the several metal ions tested in this work, Pb2+ has the highest 
ionic radius (1.19) and electronegativity (2.33) [59–62]. In addition to 
the ionic radius, the imine group in the TBBT-COF has the ability to 
chelate, which accounts for the 100 % selectivity towards Pb2+. In the 
preferred molar selectivity at pH 2, ionic radius also plays a small but 

Fig. 3. TEM images of TBBT-COF.  

Fig. 4. N2 adsorption curve (inset: Pore size).  
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significant role. Pb2+ has a higher positive character than all other ions 
because of its higher ionic radius. At pH 2, Pb2+may compete with 
H+during adsorption and can readily accept the pair of electrons present 
in TBBT-COF. This may possible due to the reduced adsorption of 
Pb2+ions at pH 2. 

3.2.2. Point of zero charge (PZC) 
The pH at which there is no net charge density on the adsorbent’s 

surface is known as PZC. The graph of ΔpH = pHFinal-pHInitial is shown in 
Fig. 5b. The PZC value of TBBT-COF is 5.2. Since all adsorbent solution 
values equilibrate at pH-5.2, the adsorbent surface has a net positive 
charge below and a net negative charge above this point. 

3.2.3. Effect of pH 
Batch tests were performed at various pH levels (from 1 to 8) to 

evaluate the impact of pH on the sorption of Pb2+. At low pH values, 
Fig. 5c demonstrates a considerable reduction in the lead removal per-
centage; maximum removal was seen between pH values of 4 and 6, 
while slightly lower removal was seen at higher pH levels. There may be 
less adsorption at lower pH levels due to hydrogen ions’ competition 
with metal ions for exchangeable cations on the surface of the absorbent. 
Lead precipitates as hydroxides at higher pHs, which slows down the 
rate of adsorption. Another explanation for this is that the pH adjust-
ment caused a rise in the concentration of Na+ in the solution, which 
competes with the Pb2+ that is still there [63]. 

3.2.4. Effect of metal dosage 
Adsorption mechanisms are significantly influenced by the interface 

between the metal ion and the adsorbent. To investigate how the 
adsorbate dosage impacts the adsorption behaviour, various Pb2+ con-
centrations were utilised. Due to the increasing number of accessible 
binding sites, as given in Fig. 5d, the Pb2+removal percentage increased 
(from 100 to 300 ppm) with the adsorbent dose starting at 20 g/L. Due to 
the restricted number of liquid phase binding sites at high concentra-
tions (400 ppm), the removal efficiency remains nearly constant. Once 
the surface has been blocked for 60 to 70 min, the metal ions are not able 
to enter the interior pores. These results demonstrate that adsorption 
depends on binding sites. Also, the relationship between the amount 
adsorbed and the amount of adsorbent is inverse [64]. 

Fig. 5. a) Selectivity of COF towards various metal ions (pH=2&6, Concentration=200 ppm, Dosage=20 g/L), b) Point of zero charge, c) Effect of pH (pH=1–8, 
Concentration=200 ppm, Dosage=20 g/L) and d) Effect of initial adsorbent concentration (pH=6, Concentration=100–400 ppm, Dosage=20 g/L). 

Table 1 
Physico-chemical properties of the various metal ions.  

Metal ion Hard / Soft / Intermediate 
acids 

Ionic radius 
(Å) 

Electronegativity 

Pb2þ Intermediate 1.19 2.33 
Hgþ Soft 1.02 2.00 
Cd2þ Soft 0.97 1.69 
Co2þ Intermediate 0.74 1.88 
Cu2þ Soft 0.73 1.99 
Cr2þ Hard 0.52 1.66 
Mg2þ Hard 0.72 1.31 
Naþ Hard 1.38 0.93 
Kþ Hard 1.02 0.82  
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3.3. Adsorption kinetics, isotherms and thermodynamics 

The pseudo-first-order, pseudo-second-order, Elovich, and intra-
particular diffusion kinetic models were used to fit the experimental 
data in order to study the adsorption behaviour of Pb2+ on the TBBT- 
COF. Table 2 contains a list of the kinetic constants, and Fig. 6a–d 
show a comparison of the results and fitting lines. The experimental 
results fit the pseudo-second-order model satisfactorily (R2 = 0.99), 
better than the pseudo-first-order (R2 = 0.91) and Elovich models (R2 =

0.91). Additionally, the estimated Qe, cal was found to be close to the 
empirically determined Qe,exp, demonstrating the suitability of the 
pseudo-second-order to forecast the experimental data. Thus, it is 
demonstrated that Pb2+ adsorption differed from the pseudo-first-order 
kinetic model. The pseudo-first-order model is appropriate, with the 
exception of the area where the adsorption happens rather quickly. The 
intensity of the ionic interaction between TBBT-COF and Pb2+ is high as 
Pb2+ has high electronegativity and ionic radius. as demonstrated by the 
fitness of the pseudo-second-order model, which is in agreement with 
the effects of pH and adsorbent dosage. The linear graph illustrates that 
the adsorption mechanism under investigation is governed by the 
chemisorption principle. TBBT-COF contains a polar imine group. This 
group is in charge of the cation exchange capability with Pb2+ and is 
capable of chemical bonding. The mechanism for the sorption of diva-
lent lead ions onto TBBT-COF is explained below [65]. 

The above mentioned mechanism may include valency forces 

Table 2 
Kinetic parameters for the adsorption of Pb2+ on TBBT-COF (pH=6, Concen-
tration=200 ppm, Dosage=20 g/L).  

Model  Pb2+ on TBBT-COF 

100 200 300 400 

Pseudo-first-order qe (cal) mg/ 
g 

12.88 14.54 17.74 19.44 

k1 min− 1 0.047 0.044 0.040 0.034 
R2 0.88 0.93 0.93 0.92 
qe (exp) mg/ 
g 

311.71 632.72 971.02 1283.30 

Pseudo-second- 
order 

qe (cal) mg/ 
g 

373.13 699.30 1092.70 1436.53 

K2 min− 1 0.052 0.093 0.076 0.071 
R2 0.99 0.99 0.99 0.99 
qe (exp) mg/ 
g 

311.73 632.72 971.01 1283.32 

Elovich kinetics Alpha 5.15 122.73 137.57 737.78 
Beta 69.18 113.23 181.74 245.82 
R2 0.94 0.99 0.97 0.98 

Intra particle 
diffusion 

I mg/g 87.84 277.32 390.35 481.43 
Ki mg/g 
min 

24.01 39.37 62.43 84.3 

R2 0.94 0.99 0.97 0.98  

Fig. 6. a) Pseudo-first-order model, b) Pseudo-second-order model, c) Elovich and d) Intra particular diffusion for the adsorption (pH=6, Concentration=200 ppm, 
Dosage=20 g/L). 
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through the sharing or covalent exchange of electrons between the 
adsorbate and adsorbent. The Pb2+ions and the significant number of 
C–N groups that are present on the adsorbent surface may interact in 
intermediate-soft interactions, which could explain the high adsorption 
capacity. Additionally, cation interactions between Pb2+ ions and the 
double bonds of the adsorbent can be thought of as another factor 
impacting the adsorption of Pb2+ ions. Furthermore, the adsorption of 
Pb2+ions can be significantly influenced by the electrostatic attraction 
between the mesoporus ring and Pb2+ions. Because of the reversible 
interaction between the Pb2+ ions and the synthesised adsorbent, which 
is evident from the results of the recovery studies, it is less likely that 

they will form strong covalent bonds with one another [66]. 
The rate-limiting effect of diffusion is thought to be much more 

frequent in TBBT-COF adsorption, as shown by the R2 values of the 
Elovich model being relatively high in all concentrations. The mass 
transfer paths that occur during the adsorption were clarified using the 
intraparticle diffusion model, and the fitting parameters are provided in 
Table 2. The three successive steps of the Pb2+ adsorption process onto 
TBBT-COF are depicted in Fig. 6d. The first one describes the process of 
boundary layer diffusion or Pb2+adsorption on TBBT-COF exterior sur-
face sites. Intra-particle diffusion is a rate-controlled process in the 
second stage. The equilibrium condition represented by the final step 
shows how the rate of intraparticle diffusion was slowed down by an 
overly low concentration of Pb2+ molecules [67]. These results were 
further reinforced by the fact that the rate constant (Kint) values for Pb2+

decreased from the first to the last stage (Kint1> Kint2> Kint3). 
In order to understand how Pb2+ is distributed at the liquid/TBBT- 

COF contact, equilibrium adsorption isotherms are crucial. The ideal 
experimental conditions were used to conduct the equilibrium adsorp-
tion study. The Langmuir, Freundlich, and DR isothermal models were 
used to simulate the Pb2+ adsorption equilibrium process on the TBBT- 
COF surface. Table 3 contains the formulas for the Langmuir, Freund-
lich, and DR models, and Fig. 7a–c shows their fitting plots for Pb2+

adsorption on the TBBT-COF surface. As observed from the R2 values in 
Table 3, the Langmuir model (R2 = 0.99) adjusted for experimental data 
(Qm.exp) suits well and is found to be better than the Freundlich model 

Table 3 
Isothermal parameters for the adsorption of Pb2+ on TBBT-COF (pH=7, Con-
centration=200 ppm, Dosage=20 g/L).  

Model  Pb2+

Langmuir isotherm qe mg/g 601.6 
kL L/mg 0.52 
R2 0.99 

Freundlich isotherm n 0.63 

Kf (mg /g)(L/mg)
1
n 

18.47 

R2 0.94 
DR Isotherm E 522.2 

qm mg/g 1863.12 
R2 0.96  

Fig. 7. a) Freundlich, b) Langmuir, c) D-R isotherm model for the adsorption (pH=6, Concentration=200 ppm, Dosage=20 g/L) and d) Thermodynamic parameters 
(pH=6, Concentration=200 ppm, Dosage=20 g/L, T = 303 K-348 K). 
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(R2 = 0.94). This shows that a single layer of adsorbent has been 
observed on the surface of TBBT-COF and that once the surface is fully 
coated, no more adsorption will take place. Additionally, it was 
discovered that the separation factor (RL) value was 0.1 (0 RL 1), rep-
resenting that the adsorption method in our situation is advantageous 
(0<RL<1). The distribution of Gaussian energy over the uneven surfaces 
was evaluated using the Dubinin-Radushkevich isotherm [68]. The E 
value determines the type of adsorption: if 1<E<8 kJ/mol, (physical 
phenomena); if 1<E<16 kJ/mol, (ion exchange phenomena); and if 
E>16 kJ/mol, (chemical adsorption). The E values greater than 50 
kJ/mol in the present study show the predominant chemical adsorption 
over the other two. It is clear from Table 3 that TBBT-COF has the 
highest or most equivalent adsorption capability of other inexpensive 
adsorbent materials. 

By using van’t Hoff law, the thermodynamic parameters are 
calculated. 

ln
(
k0

c

)
=

ΔS0

R
−

ΔH0

RT  

where R; ideal gas constant (8.314 J/K.mol), T; is the temperature (K) 
and the equilibrium constant (Kc) was expressed as: Kd = Qe/Ce [69, 
70]. Table 4 contains the values for the necessary thermodynamic pa-
rameters, and Fig. 7d depicts the van’t Hoff equation for the adsorption 
of Pb2+ on the TBBT-COF surface. The fact that the free energies are 
negative for the temperature range under consideration shows that Pb2+

was successfully and quickly adsorbed on the TBBT-COF surface. The 
decreased ΔG0 values with the increase in the temperatures (from 303 
to 348 K) indicates the spontaneous sorption Pb2+ on TBBt-COF. The 
exothermic nature of Pb2+ sorption is concluded on the basis of negative 
ΔH0 values with rising temperatures. Positive results of ΔS0 indicated 
that there was greater randomness at the TBBT-COF contact throughout 
the adsorption process. 

3.4. Optimization of Pb2+ removal by TBBT-COF 

As explained before, RSM was employed to evaluate the optimization 
and correlation of experimental factors. Table 5 comprises the BBD 
design matrix, accompanied by experimental and projected values. The 
considered response is theamount of metal ion adsorbed per unit mass of 
the adsorbent (mg/g) and the statistical relationship between the vari-
ables and the response is written as, YTBBT− COF, with coded values (A, B, 
and C) as shown in the equation below: 

YCOF = 77.1 + 33.7625 ∗ A + 9.1875 ∗ B + 1.45 ∗ C − 4.05 ∗ AB + 1.625

∗ AC − 0.175 ∗ BC − 9.975 ∗ A2 − 7.025 ∗ B2 − 4.85 ∗ C2 

Table 4 
Thermodynamics parameters of adsorption of Pb2+ (pH=7, Concentration=200 
ppm, Dosage=20 g/L, T = 303 K-348 K).  

Adsorbent Temperature, K R2 ΔG0 

kJ/mol 
ΔH0 

kJ/mol 
ΔS0 

kJ/mol K  

Pb2þ
303  

0.98 
− 3.16  

− 26.27  0.096 318 − 4.21 
333 − 5.50 
348 − 7.62  

Table 5 
BBD matrix of variables along with actual, fits, and residual values.  

Trial 
No. 

A B C Pb2+ on TBBT-COF 

Experimental 
value 

Predicted 
value 

Residual 
Removal 

1 1 0 − 1 97.1 92.9 3.14 
2 1 − 1 0 85.1 88.7 − 2.63 
3 0 − 1 − 1 53.9 54.4 − 0.5 
4 1 0 1 98.7 97.8 − 0.68 
5 − 1 1 0 43.2 39.5 2.64 
6 0 0 0 77.1 77.1 0 
7 1 1 0 98.9 99.1 0.19 
8 − 1 0 1 24.2 28.3 − 3.13 
9 − 1 0 − 1 29.1 28.6 0.69 
10 0 0 0 77.1 77.1 0 
11 0 1 − 1 69.1 73.1 − 3.32 
12 0 − 1 1 61.7 57.6 3.33 
13 0 1 1 76.2 75.7 0.5 
14 0 0 0 77.1 77.1 0 
15 − 1 − 1 0 13.2 13.1 − 0.18  

Table 6 
Results of the ANOVA for the obtained quadratic equation of TBBT-COF.  

Source Sum of squares Pb2+ on TBBT-COF 

F-value p-value Significance 

Model 10,449.81 61.75 0.00013 Significant 
A-Time 9119.20 485.02 0.0019 Significant 
B-pH 675.24 35.91 0.0018 Significant 
C-Metal Concentration 16.82 0.89 0.387  
AB 65.61 3.489 0.1207  
AC 10.56 0.561 0.487  
BC 0.12 0.0065 0.938  
A2 367.39 19.54 0.0068 Significant 
B2 182.22 9.691 0.026 Significant 
C2 86.85 4.619 0.084   

Fig. 8. a) Linear and (b) Non-Linear correlation between experimental and 
predicted Removal efficiency%. 
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ANOVA of the regression model was used to establish the relevance 
of the primary influencing variables on the adsorption process.The 
ANOVA outcomes for the TBBT-COF quadratic equation are displayed in 
Table 6. The results of ANOVA show the appropriate relationship be-
tween the response and the contributing variables and found that well 
suitability of Pb2+ with the quadratic model. A smaller p value and a 
greater F value indicates that the regression equation will illustrate the 
key factors in the response. The model found to be statistically signifi-
cant due to lower p values (less than 0.05). The large F value (61.76) for 
TBBT-COF could happen owing to noise in 0.01 percent of cases. From 
equation YCOF The model parameters of YCOF, i.e. A, B, A2, B2, are the 
model terms that are regarded as being important for response. The 
results were examined using the (R2), and found to be in fair agreement 
as observed by R2 of 0.857 (predicted) and 0.975 (adjusted). Fig. 8a and 
b displays the linear and non-linear relation between the experimental 
and predicted% removal. The graph shows the even distribution of the 
data points along a straight line in the linear graph, which had 0.99 R2 

value. The non-linear graph shows the close relationship between 
experimental and predicted values. The results further show that the 
quadratic model chosen is appropriate for Pb2+ elimination. 

In order to further support the efficacy of these techniques, their 
effectiveness is statistically assessed using well-known statistical met-
rics. However, it does not accurately capture nonlinear relationships or 
error distribution. This method explains the magnitude and direction of 
linear relationships between experimental and model predictions. The 
experimental data and predictions have R2 values of 0.99, which in-
dicates that the suggested models closely match the experimental data. 
The APE was estimated to be 25.79 while the ARE was calculated to be 
5.1589. The error deviation is noticeably less than what RSM projected, 
according to the estimated RMSE of 2.61. Additional metrics the Pear-
son’s Chi-square measure offers a practical scale for measuring the 
goodness of fit, and it is determined to be 1.81 for RSM. HYBRID and 
MPSD are also significant for RSM. 

3.4.1. Three-Dimensional response surface and two-dimensional contour 
plot 

Both 2D contour plots and 3D response surface plots were used to 
assess the individual and relative effects of these variables on the 
response and to determine the ideal value. Each processing variable, 

including time, Pb2+ concentration and pH, affects TBBT-COF capacity 
for adsorption in a distinct way. Fig. 8a–f contains 3D surface and 
contour plots that illustrate the relative effects of time, pH, and Pb2+

concentration on the removal%. 
Fig. 9a and b depicts the collective effect of pH and time on Pb2+

removal by TBBT-COF while keeping the Pb2+ concentration at zero 
(200 ppm). It was clear that increasing pH would aid in the elimination 
of Pb2+. The maximum Pb2+ removal was observed between pH 6 and 8 
in both the cases. The Pb2+ removal yield is more strongly prejudiced by 
the pH of the solution. This is most likely because a higher pH causes an 
increase in negatively charged binding sites, which may subsequently 
promote the adsorption of Pb2+ through electrostatic interactions. 
Additionally, it was interesting to notice that as adsorbate dosage is 
increased, Pb2+ removal efficiency improves. This pattern is explained 
by the fact that when the TBBT-COF dose increased, there were more 
active sites available. As the contact time between the adsorbent surface 
and the adsorbate was prolonged from 30 to 90 min, the removal 
effectiveness rose. A diagonally elongated homogeneous pattern could 
be seen in the contour plot that followed the TBBT-COF response surface 
plot, demonstrating that the interaction between pH and time had a 
major impact on Pb2+ removal. 

Fig. 9c and d show the cumulative effect of time and Pb2+ concen-
tration on Pb2+ elimination when the pH is set to zero (pH = 6.0). It was 
clear that when Pb2+ concentration grew from 100 to 300 ppm, the 
removal efficiency (Y) increased with little variation, reached its 
maximum value, and was heavily influenced by the contact time. The 
removal efficiency increased as the contact time between the adsorbent 
surface and the adsorbate was increased from 60 to 90 min. The 
response surface plot’s conspicuous peak and the contour plot’s elon-
gated pattern demonstrate the significant mutual interaction between 
Pb2+ concentration and time. 

Fig. 9e and f showed how the pH and Pb2+ concentration interacted 
while the time was zero (time 60 min). Increase in the pH and Pb2+

concentration result in enhanced Pb2+ removal capacity. However, pH 4 
will achieve the removal of about 45 %. The greater elimination% is 
apparent between pH 6 and 8. When both variables are raised over a 
lengthy period of time, Pb2+ removal performance suffers. This is most 
likely brought on by a lack of readily available binding sites. The 
response surface plot revealed elevated graph for both the adsorbent 

Fig. 9. The cumulative impact of pH, time and metal concentration (a), (c), (e) and 3D surface and (b), (d), (f) contour plots.  
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while the contour plot displayed a distinctive green coloured elongated 
pattern, showing that the interaction between Pb2+ concentration and 
pH had a substantial impact on Pb2+ removal. 

Any approach that solicits a large number of replies and aims to 
analyse pertinent factors simultaneously employs optimisation. We 
selected time, pH, and Pb2+ concentration as the limits for the greatest 
response. Under the constraints, 200 ppm concentration at pH 6 and a 
90 min contact duration are the ideal conditions for Pb2+ removal, with 
a response of 98.9 % by TBBT-COF. 

3.4.2. Stability and probable adsorption mechanism 
The stability and adsorption mechanism of the TBBT-COF were tried 

to be explored by a series of experiments along with advanced charac-
terization techniques. Initially, TBBT-COF was dissolved in various 
organic solvents like methanol, ethyl acetate, DMF, hexane, THF, etc., 
and in almost all the solvents, the material was highly stable even after 
12 h. In addition, TBBT-COF was dissolved even in boiling water, 
aqueous HCl, pH maintained at 2, and NaOH pH maintained at 10. In all 
the above harsh conditions, the material was found to be stable up to 92 
%. Further, TBBT-COF was subjected to XRD, SEM and XPS before and 
after the adsorption process to understand the mechanism of adsorption 
and the morphological changes of TBBT-COF. XRD pattern Fig. S2 
clearly shows that almost all the peaks of TBBT-COF are retained, but 
there is the appearance of new peaks at 37.72, 46.26, and 68.66 after the 
adsorption studies. This implies that the metal is accumulated on the 
surface of TBBT-COF. The Pb2+ions cover the adsorbent’s surface in the 
SEM image of the TBBT-COF after adsorption. Fig. S3 suggests the for-
mation of a monolayer of the adsorbate molecule over the adsorbent’s 
surface. Studies using scanning electron microscopy (SEM) visualised 
the growth of a molecular cloud of metal ions on the surface. 

XPS studies were done on the samples to back up the data from EDS 
analysis and to look at the chemical make-up of the TBBT-COF before 
and after adsorption. The survey spectrum shows the presence of C 1 s, N 
1 s in the sample before the adsorption. The deconvoluted spectra of 
carbon show a prominent peak at 286.36, 284.55, and 283.71 eV which 
correspond to the C–N, C–C, and C = C respectively. Similarly, the N 1 

s spectrum shows the peak at 399.71 and 398.70 eV these are the 
characteristics of C–N and C = N and further confirm that imine linkage 
can be formed, which can create defects and active sites for the 
adsorption (Fig. 10a–c). The survey spectra of TBBT-COF after adsorp-
tion clearly show the presence of Pb. The peaks of C 1 s have been 
retained as such, but there are slight changes in the deconvoluted peak 
of N 1 s, including the appearance of a new peak in the range of 397.68 
eV, which indicates the interaction of the metal ion with the imine 
bonds. All the above evidence clearly shows that TBBT-COF can be 
effectively used as an adsorbent (Fig. 10d-f). 

3.4.3. Real samples analysis 
Real waste water samples were taken from the Vrishabhavathi river 

near the Kengeri industrial sector of Bangalore for this study. Table S3 
presents thorough analyses for the sample. The samples were therefore 
spiked with 0.5 mg/L of Cu (II), Pb (II), Cd (II), and Hg (I) to test the 
effectiveness of the TBBT-COF for the removal of heavy metals from real 
water samples. The original sample (non-spiked) had low levels of Cu 
(II), Cd(II), and Hg(I) removed, i.e., 68, 92, 73, and 76 %, respectively. 
The unusually high levels of the cations Na+, K+, Mg2+, and Ca2+ in the 
waste water may be responsible for this effect. When cations are present 
in very high concentrations, they compete for the active sites of the 
TBBT-COF, which reduces the adsorption of heavy metals. The electro-
static attraction between the TBBT-COF surface and the heavy metal 
ions is also reduced by the positive layer of ions that forms around the 
TBBT-COFs. It is evident that the majority of the metal ions in the spiked 
sample were removed from the solution. Using TBBT-COF (300 ppm), Cu 
(II), Pb(II), Cd(II), and Hg(I) were each eliminated to a respective per-
centage of 77, 99, 82 and 83 %. The efficiency of removal by TBBT-COFs 
was found to be higher in the case of the spiked samples when compared 
to the original sample. This might be explained by the fact that, in 
comparison to the spiked samples, the original sample comprised 
excessive amounts of Na+, K+, Mg2+, and Ca2+. TBBT-COF is a multi-
functional adsorbent which consists of imine linked nitrogen atoms and 
hexagonal conjugation rings. Nitrogen atoms have non-bonding electron 
pairs which can bind with analytes. Rings in its structure can conjugate 

Fig. 10. XPS of TBBT-COF a-c) before adsorption and d-f) after adsorption of Pb2+.  
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and make π-π interactions with analytes. That means only the exposed 
imine groups are the effective and available sites for Pb2+ binding 
mainly via electrostatic attraction or complexation, while the stacking 
TBBT-COF sheets with intercalation and exfoliation will results in the 
adsorption of Pb2+, which can further improve the adsorption capacity 
of these imine based TBBT-COF for heavy metal removal. 

3.4.4. Regeneration capacity 
For applications, it is important to conduct an analysis of regenera-

tion capability. In this instance, the solvent regeneration technique has 
been used to recycle the adsorbent due to its ease of use, high efficacy, 
and low cost. Typically, the adsorbent is recycled in a 0.5 M HCl solution 
after being desorbed in a 0.5 M NaOH solution. As illustrated in Fig. 11, 
it was revealed that after five cycles, about 82 % of the Pb2+ removal 
effectiveness could be retained. This suggests using TBBT-COF as a 
sustainable adsorbent to remove metal ions from wastewater. The sta-
bility and absorption capacity of TBBT-COF towards adsorptive removal 
of Pb2+ is very good and comparable with many reported methods as 
shown in Table 7 [71–78]. 

4. Conclusions 

Covalent organic frameworks have been synthesized using 3,3′,5,5′- 
tetramethyl-[1,1′-biphenyl] 4,4′-diamine and benzene-1,3,5- 
tricarbaldehyde through imine linkage via a solvothermal approach. 
The synthesized TBBT-COF has been used as an adsorbent for the 
removal of lead from waste water and has achieved 99 % removal. The 
PZC value of TBBT-COF was found to be 5.2. The maximum removal of 
Pb2+was observed when the initial concentration of Pb2+taken was 200 
ppm . The reaction medium was found to favourable in acidic pH (6) 
compared to alkaline.The chemisorption of Pb2+over the TBBT-COF was 

well supported by kinetic and isotherm models. The imine linkage hel-
ped ensure the strong and efficient binding of Pb2+ ions. The post- 
adsorption structural, morphological, and spectroscopic studies reveal 
the effective binding and removal of Pb2+. The simulated adsorption 
studies were well correlated with the experimental results. The efficient 
removal of Pb2+on TBBT-COF could be attributed to porosity, surface 
area, and covalent bonding. The present work could create a way for 
efficient removal of pollutants from water and further studies on 
increasing the efficiency of COFs. 
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