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Abstract: The aim of the current study was to develop a novel triphenylaniline-based porous organic
polymer (TPABPOP-1) by the Friedel–Crafts reaction for the efficient elimination of Pb(II) from an
aqueous environment. XPS, FTIR, SEM, TGA, and 13C CP/MAS NMR analyses were applied to
characterize the synthesized TPABPOP-1 polymer. The BET surface area of the TPABPOP-1 polymer
was found to be 1290 m2/g. FTIR and XPS techniques proved the uptake of Pb(II) was successfully
adsorbed onto TPABPOP-1. Using batch methods, Pb(II) ion adsorption on the TPABPOP-1 was
studied at different equilibrium times, pH values, initial Pb(II) concentration, adsorption mass, and
temperature. The outcomes exhibited that the optimum parameters were t: 180 min, m: 0.02 g, pH: 5,
T: 308 K, and [Pb(II)]: 200 mg/L. Nonlinear isotherms and kinetics models were investigated. The
Langmuir isotherm model suggested that the uptake of Pb(II) was favorable on the homogeneous
surface of TPABPOP-1. Adsorption kinetics showed that the PFO model was followed. Pb(II) removal
mechanisms of TPABPOP-1 may include surface adsorption and electrostatic attraction. The uptake
capacity for Pb(II) was identified to be 472.20 mg/g. Thermodynamic factors exhibited that the uptake
of Pb(II) was endothermic and spontaneous in standard conditions. Finally, this study provides
effective triphenylaniline-based porous organic polymers (TPABPOP-1) as a promising adsorbent
with high uptake capacity.

Keywords: adsorption; porous organic polymers; Friedel–Crafts reaction; lead ion removal

1. Introduction

As a result of intensive and increasing human activities, such as agriculture, mining,
discharging batteries, and manufacturing industries, heavy metals contamination in water,
which poses a serious threat to environmental health, has increased [1–4]. Lead (Pb(II))
is a toxic metal released from the effluent of batteries, paint, photographic materials,
electronics, pigments, and automobile manufacturing units and into the environment [5].
Lead largely affects the central nervous system. In addition, it causes many disorders
to human health such as vomiting, nausea, anemia, visual disturbances, loss of appetite,
constipation, anemia, severe abdominal pain, and kidney damage [6–8]. The US EPA and
WHO have defined a maximum permitted threshold for Pb(II) in drinking water to be
0.015 mg/L [9] and 0.01 mg/L [10], respectively, due to the health risks that Pb(II) poses to
human health.

Many reliable approaches such as reverse osmosis, chemical precipitation, ion ex-
change, electrochemical methods, adsorption, and solvent extraction [11] have been de-
veloped for eliminating Pb(II) ions from industrial wastewaters. Among these methods,
the adsorption method is simple, economically feasible, highly effective, and applica-
ble for the elimination of different water contaminants. So far, various materials such
as activated carbon [12], chitosan-saturated montmorillonite [13], ZnO nanoflowers [14],
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CSt–ZnO nanocomposite [15], magnetite nanoparticles [16], EDTA–Zr(IV) iodate cation
exchanger [17], thiol-modified activated carbon [18], and EG@CuFe2O4 [19] have been
developed for the elimination of Pb(II) ions from water contaminants. Porous adsorbent
materials are for the most part considered effective adsorbents for toxic heavy metals and
organic compounds [20].

Recently, hyper-crosslinking polymers (HCPs) characterize a novel class of low-cost
porous polymer materials, comprising mostly microporous organic materials that can
demonstrate a high surface area [21]. HCPs belong to the group of porous organic poly-
mers (POPs), which are synthesized through the Friedel–Crafts alkylation reaction [22].
The permanent porous nature of HCPs is due to extensive crosslinking reactions, which
prevent their chains from collapsing into a nonporous state and gives them high thermal
stability [23]. HCPs with their high surface areas and lightweight nature have become a
promising material for various applications, especially in environmental issues and clean
energy, such as carbon dioxide capture, hydrogen storage, and toxic metal removal [24].
Hou et al. have developed a new facile strategy to synthesize hyper-crosslinked polymers
through the Friedel–Crafts alkylation of aromatic cyclic hydrocarbons promoted by an-
hydrous AlCl3 as a catalyst in the presence of dichloromethane as both an economical
solvent and crosslinker. The obtained amorphous microporous networks with high surface
area (978 to 1788 m2/g) exhibit good gas uptake capacities [25]. Additionally, this reaction
only requires mild conditions and low-cost materials, presenting an economical and easier
approach to the preparation of a set of porous organic polymers.

Different heavy metals were adsorbed by hyper-crosslinking polymers based on ad-
sorbents such as sulfonated hyper-crosslinked polymers (SHCPs) [26], hydrophilic hyper-
crosslinked polymers (HHCPs) [27], and thiol-rich 3D-porous hyper-crosslinked poly-
mers [28]. El Hefnawy et al. prepared a new hyper-crosslinked nanometer-sized chelating
resin (HCNSCR) for the elimination of Pb(II), Cd(II), and Zn(II) ions from solutions. They
discovered that the HCNSCR’s Zn(II), Pb(II), and Cd(II) ion adsorption capabilities were
0.9, 1.2, and 1.0 (mmol/ g), respectively [29].

Thus, the main objective of the current study was to develop a novel triphenylan-line-
based porous organic polymer by a simple one-step Friedel–Craft reaction and evaluate its
applicability for the elimination of lead ions from water. TPABPOP-1 consists of chelating
amino (NH2) groups on its structure that act as adsorption sites. The TPABPOP-1 poly-
mer' structures are shown in Figure 1. TPABPOP-1 was developed owing to its inherent
characteristics of high surface area for efficient Pb(II) adsorption and easy preparation.
The synthesized TPABPOP-1 was characterized by SEM, XPS, FTIR, 13C CP/MAS NMR,
and TGA analyses. Different parameters influencing the adsorption process were studied.
The kinetics of adsorption, isotherms, and thermodynamics were achieved. Finally, the
adsorption mechanism of Pb(II) using TPABPOP-1 polymer was clarified.
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2. Materials and Methods
2.1. Materials

2,4,6-Triphenylaniline (97%), anhydrous dichloromethane (DCM), aluminum chloride
(AlCl3), methanol, Pb(NO3)2, and tetrahydrofuran (THF) were purchased from Aldrich,
and other chemical reagents (analytical grade) were used as received.

2.2. Instrumentation

The functional group determination of TPABPOP-1 before and after Pb(II) adsorp-
tion was studied using FTIR spectroscopy (Nicolet iS10 spectrometer, Thermo Scientific,
Waltham, MA, USA) in the 400–4000 cm−1 range. The surface area of TPABPOP-1 polymer
was measured using a Micromeritics 3Flex analyzer, and the TPABPOP-1 sample was
degassed at 120 ◦C for 12 h. Solid-state 13C (CP/MAS) NMR experiments were recorded
on a Bruker Avance III 400 NMR spectrometer. The thermogravimetric analysis (TGA)
of TPABPOP-1 was determined by a Pyris Diamond TGA in a nitrogen flow. Scanning
electron microscopy (Hitachi Ltd., Tokyo, Japan) was applied to investigate the material’s
morphologies and elemental composition analysis of the TPABPOP-1 surface was con-
ducted. An X-ray photoelectron spectrometer (XPS, Kratos, Manchester, UK) was used
to determine the elemental composition of TPABPOP-1 and Pb(II)/TPABPOP-1. Induc-
tively coupled plasma–optical emission spectroscopy (ICP–OES) was used to determine
the residual number of Pb(II) ions in the aqueous medium.

2.3. Synthesis of TPABPOP-1

Triphenylaniline-based porous organic polymers (TPABPOP-1) were synthesized by
the Friedel–Crafts reaction. Under a nitrogen atmosphere, 2,4,6-triphenylaniline (0.50 g,
1.56 mmol) was added to DCM (10 mL), then it was stirred for 10 min; next, anhydrous
AlCl3 (5.00 g, 37.33 mmol) was added. After that, the mixture was reacted at RT for 1 h,
followed by vigorous stirring for 8 h at 30 ◦C; for 12 h at 60 ◦C; and for 12 h at 80 ◦C. The
mixture was cooled at ambient temperature, then the obtained precipitate was quenched
using 15 mL HCl: H2O (0.5:1(V/V)), then washed with water and methanol, respectively.
Finally, the polymer (TPABPOP-1) was dried in a vacuum oven for 24 h at 65 ◦C (Figure 1).

2.4. Adsorption Experiments

The adsorption performance of TPABPOP-1 toward Pb(II) ions was examined by the
batch method. The influence of initial concentrations (50–1000 mg/L), solution pH (2–7),
contact time (20–500 min), and adsorption mass (0.005–0.025 g) were studied. Typically, a
known amount of TPABPOP-1 adsorbent was transferred to an Erlenmeyer flask containing
30 mL of 100 mg/L Pb(II) solution. The initial pH of the sample was then controlled by
0.1 M HNO3/NaOH solutions. The sample was then mechanically agitated for 180 min
at 100 rpm, and the sample solution was then separated using filtering. The Pb(II) ion
concentrations were determined by ICP–OES. The following Equations (1) and (2) were
used to calculate the elimination effectiveness and equilibrium adsorption quantity of Pb(II)
ions (qe, mg/g), respectively, as follows:

Adorption e f f iciency (%) =
Co − Ct

Co
× 100 (1)

qe = (Co − Ct)
V
m

(2)

where Co (mg/L) and Ct (mg/L) represent the initial and final concentrations of Pb(II) at
time t, respectively, in the solution. The weight of TPABPOP-1 is m (g), while the volume
of the solution containing Pb(II) ions is V (L).
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3. Results
3.1. Characterization of TPABPOP-1

The FTIR spectra of TPABPOP-1 and TPABPOP-1/Pb(II) are displayed in Figure 2a.
The board peaks at 3423 cm−1 were owing to the stretching vibration of NH2 [30]. A peak
of around 2973 cm−1 was described as a phenylic C–H bond. The two peaks at 2926 and
2871 cm−1 were due to symmetrical and asymmetric aliphatic C–H stretching vibrations
and CH2, respectively, which implies that the crosslinking reactions are carried out effi-
ciently [31]. The strong peak at 1622 cm−1 and weak peak at 1446 cm−1 were described as
the N–H bending and C=C stretching of the aromatic ring group, respectively [32]. A peak
at 1378 cm−1 was ascribed to the –NH2 group [33]. The peaks in the range (1095–1164 cm−1)
were attributed to the stretching and bending of -C–N [34]. The decrease in intensity and
apparent shift in transmittance from 3423, 1622, and 1164 cm−1 to 3432, 1632, and 1150 cm−1

confirmed that the NH2, N–H bending, and C–N of the TPABPOP-1 adsorbent, respectively,
were involved in the adsorption of Pb(II) by electrostatic interactions between the positive
charge of Pb(II) and negative charge of the NH2 group on the TPABPOP-1 adsorbent [35].
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Figure 2. (a) FTIR spectra of TPABPOP−1 and TPABPOP−1/Pb(II), (b) 13C CP/MAS NMR, (c) N2

adsorption–desorption isotherm, and (d) pore size distribution of TPABPOP−1.

Figure 2b shows the 13C CP/MAS NMR spectra of TPABPOP-1. It was observed that
the TPABPOP-1 displayed signals at chemical shifts (δ) of 118 and 138 ppm, attributed
to substituted and unsubstituted aromatic carbons, respectively. A peak at 36 ppm was
ascribed to the carbon of methylene, which was formed as a result of using dichloromethane
(DCM) as a crosslinker and reaction solvent.
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The N2 adsorption–desorption isotherm of TPABPOP-1 as displayed in Figure 2c was
classified as type IV, indicative of a microporous nature of TPABPOP-1. Furthermore, it
was seen that the hysteresis of TPABPOP-1, a rapid increase at low pressure (p/p0 < 0.01),
indicated the microporous nature of TPABPOP-1 [36]. TPABPOP-1 demonstrated a BET
surface area of 1290 m2/g which is better than amino-linked porous organic polymers [36].
From the pore size distribution of TPABPOP-1, as shown in Figure 2d, we determine there
are three peaks at 1.4, 2.9, and 5.3 nm indicating the microporous nature of TPABPOP-1.

The thermal stability of TPABPOP-1 is shown in Figure 3a. The initially small weight
loss (4%) in the range of 30–150 ◦C was due to the release of entrapped solvent and water
from the pores of TPABPOP-1 [37]. At 365 ◦C, the mass of the TPABPOP-1 decreased by 8%
due to the initial breakdown of the TPABPOP-1’s structure. Up to about 800 ◦C, the weight
loss of the TPABPOP-1 declines by around 43%, which is ascribed to the increased degrada-
tion of TPABPOP-1. Hence, the TGA results show that the TPABPOP-1 has good thermal
stability. Figure 3b,c exhibits the SEM image of surface morphologies of TPABPOP-1 with
different magnification. It was observed that the surface of TPABPOP-1 has irregular blocks
aggregated together [25].
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Figure 3. (a) TGA analysis and (b,c) SEM image of TPABPOP-1.

The XPS spectra of TPABPOP-1 and TPABPOP-1/Pb(II) are exhibited in Figure 4. It
was seen that the XPS spectra of TPABPOP-1 exhibit two peaks at 284.86 and 399.52 eV
attributed to carbon (C1s) and nitrogen (N1s), respectively [38]. Further, the O 1s peaks
were observed as seen in Figure 4a, resulting from the physically adsorbed water or oxygen
molecules which may be present in carbon-based materials. The same result was reported
in a previous publication [39]. The deconvoluted N 1s spectrum shows one binding energy
peak at 399.52 eV attributed to C–NH2 as shown in Figure 4b. The high-resolution XPS
spectrum for C 1s displays two peaks at 284.76 and 285.98 eV for C–C/C=C and C–N,
respectively (Figure 4c). In the XPS spectra of Pb(II)/TPABPOP-1 after adsorption, two new
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peaks appeared at 143.96 and 139.10 eV attributed to Pb 4f5/2 and Pb 4f7/2, respectively [40],
demonstrating that Pb(II) ions were effectively absorbed by TPABPOP-1 (Figure 4d).
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3.2. Adsorption Performance of TPABPOP-1

The influence of pH value on the uptake of Pb(II) by TPABPOP-1 was conducted by
varying the pH from 2.0 to 7.0 under fixed conditions ([Pb]: 100 mg/L, t: 24 h., m: 0.02 g, and
T: 298 K) as shown in Figure 5a. The equilibrium uptake capacity was enhanced from 16.5
to 145.5 mg/g with pH rising from 2 to 5. After pH reached a value of 5, the uptake capacity
was slightly reduced to 139.5 mg/g, due to the change in the ionic state of the amino groups
on the TPABPOP-1 surface. In a low-pH environment, the amino group on the TPABPOP-1
surface was protonated with H3O+ became -NH3

+. Thus, electrostatic repulsion forces
between -NH3

+ groups and positively charged Pb(II) were created, which led to a reduction
in the uptake capacity of TPABPOP-1. When the solution pH (2 ≤ pH ≤ 5) increased, the
amino groups were deprotonated on the TPABPOP-1 surface and electrostatic attraction
forces between positive Pb(II) and negative amino groups on the surface of TPABPOP-1
were created, which increased TPABPOP-1’s ability to adsorb Pb(II) ions. The effect of
pH on the Pb(II) speciation distribution was observed at pH > 7. According to the Pb(II)
speciation diagram for Pb(II), which was reported in a previous publication [41], the main
Pb(II) species are Pb3(OH)4

2+, Pb(OH)2, and Pb(OH)3
− at pH > 7. The uptake capacity

of adsorbent toward Pb(II) ions was decreased at pH > 6 due to the Pb(II) ions being
precipitated as Pb(OH)2 [42]. Therefore, at pH > 7, adsorption studies were not performed
because of the precipitation of Pb(II). Thus, a pH of 5 was chosen for subsequent Pb(II)
adsorption experiments. Similar observations were reported for Pb(II) adsorption on
PANINSA@Ni0CNs [43] and Fe3O4@MCM-41-N-oVan [44].
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The influence of the amount of TPABPOP-1 on the adsorption process was achieved
in the range 0.005–0.025 g under fixed conditions ([Pb]: 100 mg/L; time: 24 h; pH: 5;
and T: 298 K) as displayed in Figure 5b. The uptake efficiency increases from 88.91% to
97% with increasing mass of TPABPOP-1 adsorbent from 0.005 to 0.02 g. Beyond 0.02 g,
the uptake efficiency of Pb(II) onto TPABPOP-1 adsorbent remains almost constant. This
may be due to an increase in the number of the adsorption sites of Pb(II). In contrast, the
adsorption capacity of TPABPOP-1 adsorbent was increased by increasing the amount of
TPABPOP-1 adsorbent, owing to the fact that the uptake capacity is directly proportional
to the Pb(II) ions’ initial concentration and inversely proportional to the adsorbent mass as
per Equation (2) [45]. Furthermore, the reduction in uptake capacity may be attributed to
the aggregation of adsorbent at a high-adsorbent dose which results in a reduction in the
total surface area of the TPABPOP-1. These results are in agreement with the outcomes of
previous works in the literature [45,46].

The influence of contact time on the adsorption interaction was achieved in the range
20–500 min under fixed conditions ([Pb]: 100 mg/L; pH: 5; mass: 0.02 g; and T: 298 K)
as presented in Figure 6a. The Pb(II) ions displayed quick adsorption, as around 50% of
adsorption took place in 20 min and increased to 94.6% within 180 min. Pb(II) adsorption
efficiency onto TPABPOP-1 adsorbent is nearly stable after 180 min. This may be due to
the availability of active adsorption sites onto the TPABPOP-1 adsorbent in the beginning
stage [47,48]. After 180 min, there was no alteration in Pb(II) ion adsorption owing to
the adsorption process reaching an equilibrium state. A similar trend for the influence of
equilibrium time was reported for the adsorption of Pb(II) ions on a biomass–magnetic
hybrid [49] and activated carbon [50].

The impact of Pb(II) concentration on adsorption interaction was achieved in the range
50–1000 mg/L at 308 K under fixed conditions (dose: 0.02 g; pH: 5; and time: 180 min)
as presented in Figure 6b. The adsorption capacity of TPABPOP-1 adsorbent toward
Pb(II) ions was increased to 464.4 mg/g by enhancing the concentration of Pb(II) ions to
1000 mg/L at 308 K. This may be due to the fact that the driving force for mass transfer
increases with an increase in the concentration of Pb(II) ions [51]. In addition, at the same
time, the collision between Pb(II) ions and TPABPOP-1 adsorbents increased, which led to
an enhancement in the uptake capacities of TPABPOP-1 toward Pb(II) ions.
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The impact of temperature on the adsorption interaction was investigated at five vari-
able temperatures (293, 298, 303, 308, and 313 K) under fixed conditions (pH: 5; mass: 0.02 g;
Co: 100 mg/L; and time: 180 min) as indicated in Figure 6c. It is evident that TPABPOP-1’s
adsorption capabilities toward Pb(II) ions have improved from 106.5 to 145.5 mg/g with an
increase ion temperature from 293 to 308 K. This is owing to the rise in temperature leading
to reductions in the viscosity of the Pb(II) ion solution, which results in an increase in the
rate of diffusion of Pb(II) ions through the pores of the TPABPOP-1 adsorbent [52]. Beyond
308 K, a slight drop in uptake capacity occurred, indicating the endothermic nature of ad-
sorption. Similar observations were reported for the uptake of Pb(II) on different adsorbents
such as 1,2,3-triazole-4-carboxylic acids [53] and chitosan/microbial adsorbents [54].

3.3. Adsorption Kinetics

Assessment of the kinetic mechanism for the uptake of Pb(II) onto the TPABPOP-1
adsorbent was achieved by analyzing the experimental kinetic data with three widely
used nonlinear kinetic models, namely pseudo-first-order (PFO) [55], pseudo-second-order
(PSO), and Elovich models [56]. The corresponding equations are presented in the Sup-
plementary Material (Text S1). The fitting plots of these models and the fitting factors
are indicated in Figure 7a and Table 1, respectively. The kinetic correlation coefficients
(R2) in the PFO (R2 = 0.9830) model were more appropriate than those of the PSO and
Elovich models. Further, the uptake quantity of Pb(II) calculated by the PFO model
(qe,cal. = 280.66 mg/g) was close to the experimental value (qe,exp. = 283.80 mg/g). These
outcomes suggest that the adsorption mechanism of Pb(II) onto the TPABPOP-1 adsor-
bent is physisorption through electrostatic interactions between Pb(II) ions and the NH2
groups on the TPABPOP-1 surface. Similar kinetic results were noticed in another previous
study [57].
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Table 1. The parameters of different kinetic models.

Model
Parameters

Value
Co: 200 mg/L, qe,exp.: 283.8 mg/g

Pseudo-first-order
qe1, cal. (mg/g) 280.66

K1 (1/min) 0.03
R2 0.98

Pseudo-second-order
qe2, cal. (mg/g) 306.2
K2 (g/mg-min) 0.00018

R2 0.96

Elovich
α (mg/g min) 264.89

B (mg/g) 0.03
R2 0.76

3.4. Adsorption Isotherms

To evaluate the adsorption mechanism of Pb(II) onto TPABPOP-1, three widely used non-
linear isotherm models, namely Freundlich [58], Langmuir [59], and Dubinin–Radushkevich
(D-R) [60] models were used. The corresponding equations are presented in the Supple-
mentary Material (Text S2). The calculated parameters and fitting plots of kinetic models
are presented in Table 2 and Figure 7b, respectively. According to the values of R2, the
Langmuir model (R2 = 0.99763) exhibited a better fit than both the Freundlich (R2 = 0.80767)
and Dubinin–Radushkevich (R2 = 0.86112) models, indicating that that monolayer adsorp-
tion occurred on the surface of TPABPOP-1. At 35 ◦C, the maximum monolayer uptake
capacity (qe,max) measured 472.20 mg/g. As presented in Table 3, the maximum quantity
of Pb(II) ions adsorbed was compared with other adsorbents in order to evaluate the ad-
sorption performance of TPABPOP-1 toward Pb(II) ions. The capacity of TPABPOP-1 is
greater than most reported Pb(II) adsorbents, indicating that the TPABPOP-1 adsorbent
has great potential for the elimination of Pb(II) [37,61–65]. Based on the Polanyi values
in the Dubinin–Radushkevich (D–R) equation, the average adsorption potential (E) was
0.28 kJ/mol. This value is <8.0 kJ/mol, indicating the uptake of Pb(II) on TPABPOP-1 was
dominated by physical adsorption [66].
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Table 2. The parameters of different isotherm models.

Model
Parameters

Value
T: 308 K, qe,exp.: 464.4 mg/g

Langmuir

qm, mg/g 472.20
KL (L/mg) 0.14

RL 0.27
R2 0.99

Freundlich
Kf, (mg1−n·Ln/g) 162.20

n 5.41
R2 0.81

Dubinin–Radushkevich

qs, mg/g 430.39
KD-R (mol2·KJ−2) 6.27

E (kJ/mol) 0.28
R2 0.86

Table 3. Comparisons of various adsorbents in terms of uptake capacity.

Adsorbent Kinetic/Isotherm Models Temperature (K) qm (mg/g) Ref.

CzBPOF PSO/Langmuir 303 318.4 [37]
Chitosan–Ninhydrin PSO/Langmuir 298 196 [65]

UiO-66-NH2 PSO/Langmuir 298 189.69 [63]
Biochar Intra-diffusion/Langmuir 303 92.13 [62]

Ti/Zr–DBMD PSO/Langmuir 298 175 [64]
MnO2/PDA/Fe3O4 fibers PSO/Langmuir 318 205.074 [61]

TPABPOP-1 PFO/Langmuir 308 472.20 This study

3.5. Adsorption Thermodynamics

To understand the feasibility and direction of a reaction, at four different tempera-
tures (293, 298, 303, and 308 K), batch experiments on adsorption were carried out. The
enthalpy change (∆H0), entropy change (∆S0), and the Gibbs free energy (∆G0) at various
temperatures were calculated with the following Equations (3) and (4):

lnK0
e = −∆H0

RT
+

∆S0

R
(3)

∆G0 = −RT lnK0
e (4)

K0
e =

(1000·KL molcular weight o f adsorbate)·[adsorbate]◦

γ
(5)

where, [adsorbate]◦ is the standard concentration of the adsorbate (1 mol L−1) and γ is the
coefficient of activity (dimensionless) [67]. K0

e is the thermodynamic equilibrium constant,
calculated from the Langmuir model's constant of adsorption equilibrium KL (L/mol)
using Equation (5) [68–70]. ∆H0 and ∆S0 are calculated using the Van’t Hoff plot of lnKc
vs. 1/T. The values of thermodynamic factors are listed in Table 4. According to Table 4,
the negative values of ∆G0 revealed that the adsorption interaction is spontaneous in
standard conditions and naturally feasible. In addition, the ∆G0 values were reduced
with the rise in temperature from 293 to 308 K, suggesting that the adsorption process
is easier at high temperatures (308 K) [71]. The positive value of ∆H0 for the uptake of
Pb(II) on the TPABPOP-1 indicates the adsorption interaction was an endothermic process.
Similar trends have been reported by Mu. Zheng et al. for the elimination of Pb(II) using
MS-AP [72] and Xiong et al. for the elimination of Pb(II) using bio-sorbent [73]. The positive
value of ∆S0 (104.26 J/mol) means that the TPABPOP-1 and Pb(II) ions show high affinity.



Crystals 2023, 13, 956 11 of 15

Table 4. Thermodynamic factors for uptake of Pb(II) onto TPABPOP-1.

∆H0 (kJ/mol) ∆S0 (J/(mol·K))
∆G0 (kJ/mol)

293 K 298 K 303 K 308 K

4.11 104.26 −26.43 −26.96 −27.49 −27.99

3.6. Mechanism of Adsorption

The mechanism of Pb(II) ion adsorption on TPABPOP-1 is presented in Figure 8. It
was clear that the amino group is mainly responsible for Pb(II) ion adsorption as well as
the uptake of Pb(II) by the porosity of TPABPOP-1 polymer. The mechanism of Pb(II) onto
TPABPOP-1 was supported by FTIR spectra (Figure 3a), XPS analysis (Figure 4a), as well as
pH factor. According to pH factor (Figure 3a), as the pH increases, and as the pH value rises
from 2 to 5, the adsorption efficiency of TPABPOP-1 toward Pb(II) reached a maximum
(97%), indicating that the amino groups of the TPABPOP-1 were deprotonated and the
electrostatic interaction forces between Pb(II) and amino groups were created, which led
to an improvement in the uptake capacity of TPABPOP-1. According to FTIR spectra
(Figure 3a), the decrease in intensity and slight shift of NH2, N–H bending, and C–N bonds
from 3423, 1622, and 1164 cm−1 to 3428, 1632, and 1150 cm−1, respectively, confirmed that
the Pb(II) was successfully adsorbed onto the TPABPOP-1 adsorbent. The negative charge
of the amino group of TPABPOP-1 polymer can easily attract the positively charged Pb(II)
by the electrostatic interaction mechanism as displayed in Figure 8. Comparing the spectra
of XPS before and after the uptake of Pb(II) on TPABPOP-1, a new peak assigned to Pb
4f appeared in the spectrum of TPABPOP-1. At the same time, two peaks at 139.10 and
143.96 eV ascribed to binding energies of Pb 4f7/2 and Pb 4f5/2, respectively, demonstrated
that Pb(II) ions were effectively absorbed by TPABPOP-1.
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4. Conclusions

A novel triphenylaniline-based porous organic polymer (TPABPOP-1) was synthe-
sized by the Friedel–Crafts reaction and its applicability for the elimination of Pb(II) from
water was investigated. The TPABPOP-1 was identified by different techniques, namely
XPS, FTIR, SEM, TGA, BET, and 13C CP/MAS NMR. The surface area of TPABPOP-1 was
1290 m2/g. The uptake of Pb(II) onto TPABPOP-1 best fit to the Langmuir and PFO mod-
els. The uptake capacity of TPABPOP-1 toward Pb(II) ions was obtained as 472.20 mg/g
at time: 180 min; mass: 0.02 g; T: 308 K; pH: 5. FTIR and XPS techniques proved that
the uptake of Pb(II) was successfully adsorbed onto TPABPOP-1. Pb(II) removal mech-
anisms of TPABPOP-1 may include surface adsorption and electrostatic attraction. The
thermodynamic parameters exhibited that the uptake of Pb(II) onto TPABPOP-1 is sponta-
neous, feasible, and endothermic. These findings demonstrated the remarkable potential of
synthetic TPABPOP-1 for the elimination of Pb(II) from aquatic environments.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst13060956/s1. Text S1: Kinetics adsorption and Text S2: Isotherm adsorption.
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