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a b s t r a c t

The preparation of hydrogel adsorbents with admirable performance for efficient selective remove

Pb(II) in complex wastewater still remains a great challenge. Herein, a novel bifunctional modified

polymer hydrogel PAM-PAMPS was prepared by crosslinking acrylamide (AM) and 2-acrylamido-2-

methylpropanesulfonic acid (AMPS). Compared with PEG, PAA and PAMPS, PAM-PAMPS exhibited both

the maximum adsorption capacity of Pb(II) (541.90mg/g) and satisfactory selectivity for Pb(II) in mul-

tiple heavy metal ions coexistence solutions. Various characterizations indicated that –SO3H and –NH2

as active sites on PAM-PAMPS occur the synergistic effects of ion-exchange and coordination with Pb(II)

during the adsorption process, respectively. The adsorption energy Ead(PAM-PAMPS) obtained from density

functional theory (DFT) calculations was lower than the other three hydrogels, manifesting that PAM-

PAMPS formed the most stable complex with Pb(II), which further demonstrated that Pb(II) preferred to

combine with PAM-PAMPS to selective capture of Pb(II). The practice utilization of PAM-PAMPS was as-

sessed by wastewater of electroplate containing Pb(II). Meanwhile, the removal ratio of PAM-PAMPS was

maintained at about 89% after 4 adsorption-desorption cycles. This study establishes a new and effective

idea for the design and fabrication of bifunctionalized modified polymer hydrogels.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The accumulation of the heavy metal Pb(II) absorbed by the

body with water negatively affect the human life and health, lead-

ing to serious damage to the nervous and circulatory system, etc.

[1–3]. The removal of Pb(II) from wastewater to ensure water se-

curity is of weighty importance for sustainable social development.

Nowadays, adsorption as one of the diversified methods to remove

heavy metals from wastewater is extensively used for the treat-

ment of Pb(II) in effluent due to its convenient operation, low

cost and less pollution [4]. Traditional adsorbents such as acti-

vated carbon are limited in adsorption capacity and hydrophobic-

ity owing to their pore structure [5,6]. The adsorption advantage of

MOFs which as one of new adsorbents may be diminished, because

there are prone to hydration reactions and instable in the water

molecules [7–9]. Natural polymers such as chitosan, cellulose and

lignin are made from hydrophilic monomers crosslinked by cova-

lent or non-covalent bonding interactions (e.g. hydrogen bonding,
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hydrophobic bonding, electrostatic interactions and π-π stacking)

[10–13], which demonstrate reversible phase changes in response

to a variety of external stimuli [14–17] and have been utilized in

the synthesis of hydrogels as adsorbents for the removal of heavy

metals from wastewater [18–20]. However, the application of hy-

drogels is substantially restricted by the relatively homogeneous

adsorption groups and the difficulty of exposing some adsorption

sites [19].

Polymer hydrogels, which combine the tunable specific func-

tional groups of polymers with the hydrophilic and biocompati-

ble properties of hydrogels, have gained much attention as adsor-

bents in the treatment of heavy metals. Zhao et al. [21] prepared

a new CS-CMC hydrogel with enhanced adsorption capacity for di-

valent heavy metal ions by cross-linking CS with a highly concen-

trated CMC solution through irradiation. Milster et al. [22] showed

that the newly prepared P(HEMA-co-AM)/PVA IPN had a maximum

adsorption capacity of 200.4 and 292.5mg/g for Cu(II) and Pb(II),

which is difficult to produce targeted adsorption of specific heavy

metal ions. A polyacrylic acid-based hydrogel with the highest ad-

sorption selectivity for Cr(II) was cross-linked by Fo et al. [23], nev-

ertheless, the adsorption capacity of 0.143mg/g is unsatisfactory.
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Fig. 1. Synthetic routes and SEM images of PEG, PAA, PAMPS and PAM-PAMPS hydrogels.

Although the synthesised polymer hydrogel modifiers enhance the

adsorption performance of the conventional hydrogels to some ex-

tent, there is still considerable potential for improvement in the

adsorption capacity and selectivity of these modifications for spe-

cific heavy metals.

In order to obtain hydrogels with excellent physicochemical

properties, three different functionalized polymer hydrogels of

PEG, PAA and PAMPS were prepared by grafting the functional

monomers on CS through using free radical polymerization using

specific groups (–OH, –COOH and –SO3H) as functional monomers.

A novel bifunctional modified polymer hydrogel PAM-PAMPS was

prepared by crosslinking AM (containing –NH2 group) and AMPS.

The adsorption capacities of four polymer hydrogels were investi-

gated with several sets of adsorption isotherms and kinetics ex-

periments, and their adsorption selectivity for Pb(II) was tested.

The experimental results show that PAM-PAMPS is superior to PEG,

PAA and PAMPS in terms of the overall aspect, after which the ad-

sorption mechanism of PAM-PAMPS and the adsorption selectivity

mechanism regarding Pb(II) were characterized by XPS and DFT. Fi-

nally, PAM-PAMPS was evaluated for its resistance to interference

in saline and humic acid environments, regeneration performance

and practical industrial wastewater applications.

The preparation process of PAM-PAMPS was shown in Fig. 1 and

Fig. S1 (Supporting information). The detailed synthesis steps, the

source of chemicals, and the relevant experimental details were

described in Supporting information.

The surface morphology of the polymer hydrogels was ob-

served by a scanning electron microscope (SEM, Nova NanoSEM

450, Japan). The pore size and specific surface area of the prepared

hydrogel structures were analyzed by a pore size and specific sur-

face area analyzer (BET, Quadrasorb SI, U. S. A.). The functional

group species within the polymer hydrogels were investigated by

infrared spectroscopy (XPS, FTIR-1500, China). Elemental analysis

of the hydrogels before and after adsorption was performed by X-

ray photoelectron spectroscopy (XPS, Axis Ultra DLD, Japan).

The energy relationships between the various structures were

calculated by the DMol3 module in Material Studio. A hydro-

gel monolithic structure was first constructed using the DMol3

model, and the Becke and Lee-Yang-Parr (BLYP) functions in the

Generalized Gradient Approximation (GGA) were used to optimize

the structure. Finally, the energy is calculated from the optimized

monomer structure and the adsorbent. The adsorption energy (Ead)

is defined by the following equation (Eq. 1):

Ead = EHydrogels−Pb − EPb − EHydrogels (1)

where EHydrogels-Pb is the energy of hydrogel optimized for Pb(II)

adsorption, EPb is the energy of optimized Pb(II), and EHydrogels rep-

resents the energy of hydrogel optimized.

The interiors of PEG, PAA, and PAMPS hydrogels are all cross-

linked porous networks with pores of different sizes. The PEG fea-

ture a disordered stacked structure with smaller pore sizes, while

the PAA are composed of pompom-shaped particles cross-linked

with each other and have looser internal pores. The PAM-PAMPS

consist of lamellar structures crossed in a honeycomb mesh, with a

column-like growth trend of layers in the channels and a markedly

more number of pore channels compared to the PAMPS (Fig. 1).

In the FTIR spectrum obtained for PEG, PAA, PAMPS, PAM-

PAMPS (Fig. 2a). For PEG [24,25], the peaks at 1109 and 2879 cm−1

were attributed to the stretching vibration absorption peaks of

C–O and –CH2 which was on the sub-methyl repeating unit of

PEG chain. After AA grafting to CS, the characteristic peak of

C=C at 1626 cm−1 of AA disappeared [26], while the asymmet-

ric (1540 cm−1) and symmetric (1452 cm−1) characteristic absorp-

tion peaks of –COO– were observed [27,28]. The peaks of 1207 and

1039 cm−1 were assigned to asymmetric S–O stretching vibration,

when AMPS grafted to CS [29,30]. After the formation of hydro-

gels by AM and AMPS, the stretching vibrational peak of C=C at

1612 cm−1 disappeared [26], the absorption peak of C=O shifted

from 1670 cm−1 to 1660 cm−1, the characteristic peaks of C–N

at 1390 and 1222 cm−1 appeared [31], and the S–O vibrational

Fig. 2. PEG, PAA, PAMPS and PAM-PAMPS: (a) FT-IR spectra. (b) N2 adsorption and desorption curves. (c) Swelling ratio change curves.
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Fig. 3. PEG, PAA, PAMPS and PAM-PAMPS: (a) Langmuir and Freundlich isothermal adsorption curves of Pb(II). (b) Electrostatic potential energy. The regions of the most

negative electrostatic potential and the most positive electrostatic potential are displayed by blue and red colors. (c) Adsorption kinetics curves of Pb(II). (d) Comparison of

the adsorption capacity of some adsorbents for Pb(II).

absorption peak at 1039 cm−1 was observed [28]. The above il-

lustrates the successful synthesis of PEG, PAA, PAMPS, and PAM-

PAMPS hydrogels.

The specific surface areas of the PEG, PAA, PAMPS, and PAM-

PAMPS hydrogels were 1.197, 2.485, 18.30, and 25.58 m2/g, respec-

tively (Fig. 2b). The larger the specific surface area, the larger the

contact area with Pb(II) and the more favorable for adsorption.

The swelling ratios of the four hydrogels increased rapidly within

10min. As the swelling time increased, the original morphology

of PEG was destroyed due to its own poor mechanical properties,

and the flaky solids kept detaching from the main body to the

extent that it was difficult to collect the effective gel mass, thus

the swelling ratio experiment of PEG was stopped at 100min. The

swelling ratios of the other three hydrogels slowed down and grad-

ually reached the swelling equilibrium (Fig. 2c). The ratio of water

absorption and swelling of hydrogels was related to the number of

active hydrophilic groups inside the hydrogel and the internal spa-

tial network structure [32]. The PAM-PAMPS was able to reach the

swelling equilibrium in less than 40min, which indicated its faster

swelling ratio and more internal hydrophilic groups.

The isotherm plots (Fig. 3a) of the adsorption of Pb(II) by the

four hydrogels at an optimum pH of 5 (Fig. S4a in Supporting

information) showed that the maximum adsorption capacities of

PEG, PAA, PAMPS and PAM-PAMPS were 104.44, 356.74, 428.45 and

541.90mg/g, respectively, all of which first increased with increas-

ing Pb(II) concentration until equilibrium was reached. The poly-

mer hydrogels were abundant in adsorption vacancies during the

first 5min of the initial phase (Fig. 3b): PEG(–OH), PAA(–COOH),

PAMPS(–SO3H) and PAM-PAMPS(–NH2, –SO3H). Among them, the

adsorption capacity of Pb(II) by PAM-PAMPS rose almost linearly,

this was mainly attributed to the fact that the –NH2 and –SO3H in

the hydrogel structure were mostly located in the negative electro-

static formula region and the number of effective sites was high,

which enhanced the interaction force and contact area for bind-

ing with Pb(II) during the swelling process [33,34], and the con-

centration difference also drove the reaction to be accelerated. The

adsorption tended to saturate until the adsorption equilibrium at

high concentration, cause the active adsorption sites inside the hy-

drogel were almost completely occupied by Pb(II). Meanwhile, the

correlation coefficient of Langmuir model (R2 = 0.982) for PAM-

PAMPS was higher than that of Freundlich model (R2 = 0.917),

which indicated that the adsorption sites were homogeneous and

cannot be combined with other adsorbates after being occupied

by Pb(II), and that the controlling step might be assigned to

chemisorption between PAM-PAMPS and Pb(II). The adsorption ki-

netic curve (Fig. 3c) showed that PAA had a higher adsorption rate

in the initial stage, Pb(II) entered the three-dimensional network

structure of PAA through the pore channel and quickly aligned

with the –COOH. PAM-PAMPS had a larger specific surface area

and pore size compared to PAMPS. The porous network structure

effectively retarded the diffusion rate of Pb(II) in the hydrogel.

The number of available adsorption sites were ligated and ion ex-

changed with Pb(II), so that the adsorption capacity of PAM-PAMPS

reached about 80% of the equilibrium in 3min. For PAM-PAMPS,

the pseudo-second-order kinetic model (R2 = 0.986) can describe

the adsorption process better than the pseudo-first-order kinetic

model (R2 = 0.905), indicating that the kinetic adsorption process

of Pb(II) by PAM-PAMPS is mainly controlled by the chemical inter-

action between the active adsorption site and Pb(II) [35,36]. Mean-

while, PAMPAMPS hydrogels had a higher adsorption capacity for

Pb(II) compared to some adsorbents (Fig. 3d) [37–42].

To further clarify the binding mechanism of PAM-PAMPS with

Pb(II), XPS analysis was performed on PAM-PAMPS before and af-

ter adsorption. XPS analysis of PEG (Figs. S2a and b in Support-

ing information), PAA (Figs. S2c and d in Supporting information),

and PAMPS (Figs. S2e and f in Supporting information) were also

performed as a reference. C 1s (284.99 eV), N 1s (399.73 eV), O

1s (529.26 eV) and S 2p (169.5 and 168.4 eV) were detected be-

fore PAM-PAMPS adsorption and the characteristic peak of Pb 4f

(138.8 eV) also appeared in the full spectrum after adsorption,

which indicated that Pb(II) was adsorbed (Fig. 4a). In the S 2p

spectrum (Fig. 4b), the three sets of peaks appearing at 167.45,

167.42 and 166.26 eV were due to the ion exchange of –SO3H and

–SO3
+ groups with Pb(II) after the adsorption of Pb(II) and the

increase of the electron cloud around the group, resulting in a

shift of the binding energy [43]. While the N 1s spectrum after

adsorption, the characteristic peak was shifted from 399.26 eV to

398.64 eV on account of the coordination between –NH2 and Pb(II)

(Fig. 4c) [44]. This indicated that PAM-PAMPS binded to Pb(II) dur-

ing the adsorption process through the synergistic effects of ion

exchange and coordination, of which came from the contribution

of the –SO3H and –NH2, respectively.
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Fig. 4. XPS spectrum before and after adsorption of Pb(II): (a) Full range XPS spectrum. (b) S 2p. (c) N 1s.

Fig. 5. PEG, PAA, PAMPS and PAM-PAMPS: (a) Multiple selective adsorption. (b)

Binding point models and binding energies with Pb(II) at different binding sites.

The selectivity for adsorption of specific metal ions is also one

of the factors that measure the performance of adsorbents. In the

selective separation experiments performed in binary mixture so-

lutions, compared with other metal ions, PEG, PAA, PAMPS and

PAM-PAMPS hydrogels showed significantly stronger adsorption ca-

pacity for Pb(II) (Fig. S3 in Supporting information). The adsorp-

tion capacity of PEG, PAA, PAMPS and PAM-PAMPS for Pb(II) were

64.4, 118.6, 171.43 and 185.04mg/g which were still higher than

for Ni(II), Cu(II), Cd(II), Co(II) (Fig. 5a). The dispersibility coeffi-

cient and selectivity coefficient of different polymer hydrogels are

usually chosen to evaluate the adsorption selectivity. As shown in

Table S1 (Supporting information), the dispersibility coefficient of

PAM-PAMPS, PEG, PAA and PAMPS for Pb(II) were significantly bet-

ter compared to Ni(II), Cu(II), Cd(II) and Co(II), resulting in the

high selectivity coefficient. Specifically, the selectivity coefficient of

PAM-PAMPS for Ni(II), Cu(II) Cd(II) and Co(II) were 29.327, 20.199,

4.195 and 16.576, respectively (Table S1), indicating that PEG, PAA,

PAMPS and PAM-PAMPS had excellent selectivity for Pb(II) and

anti-interference ability.

The PAA, PAMPS and PAM-PAMPS adsorption energy values

were −1.7671, −2.2863 and −2.3470 eV, respectively (Fig. 5b), ob-

tained by DFT for structural optimization and energy calculations.

Lower adsorption energy values demonstrated that more adsorp-

tion sites are provided and the reaction is more likely to occur [45].

While PAM-PAMPS possesses the largest negative value, suggesting

that Pb(II) prefers to bind to PAM-PAMPS to form stable complexes

for the selective capture of Pb(II) largest negative value, suggesting

that Pb(II) prefers to bind to PAM-PAMPS to form stable complexes

for the selective capture of Pb(II).

The adsorption performance and selectivity were integrated,

PAM-PAMPS was tested for practical application in various envi-

ronmental conditions. PAM-PAMPS maintained about 90% removal

of Pb(II) in NaNO3 solutions at concentrations of 0–1.0mol/L, mani-

festing that salinity had little effect on adsorption (Fig. 6a). Natural

water has a high humic acid content, the large molecular struc-

ture of humic acid will occupy the pore channels of the adsorbent

and reduce the efficiency of inter-ion mass transfer [46]. The ef-

fect of different concentrations of humic acid on the removal rate

of Pb(II) was tested, (Fig. 6b) showed that humic acid had little ef-

fect on the removal ratio of Pb(II), probably due to the large size

of humic acid particles and the dense porous structure inside the

hydrogel, which was not conducive to the retention of humic acid

molecules. PAM-PAMPS achieved a removal ratio of nearly 92% in

the first cycle and maintaind a removal ratio of about 89% after

four regenerations of the material by adsorption-desorption. PAM-

PAMPS hydrogels can remove almost most of Pb(II), and the treated

Pb(II)-containing wastewater meets the industrial discharge stan-

dard (1mg/L) (GB 25466-2010) (Figs. 6c and d). Compared with the

other three hydrogels (Figs. S4b and c in Supporting information),

the PAM-PAMPS hydrogel has excellent resistance to external in-

terference and potential to treat industrial wastewater. In addition,

the temperature had almost no effect on the adsorption perfor-

mance of PAM-PAMPS (Fig. S5 in Supporting information) indicat-

ing that PAM-PAMPS has good recyclability and structural stability.

In summary, we report a new bifunctional modified polymer

hydrogel PAM-PAMPS. The maximum adsorption of Pb(II) by PAM-

PAMPS is 541.90mg/g at pH 5, which can maintain high adsorp-

tion under acidic and alkaline conditions, and is highly selective

for Pb(II) in coexisting solutions of various heavy metal ions. FT-

IR and XPS prove that the adsorption of Pb(II) by PAM-PAMPS is

synergetic through coordination with –NH2 and ion exchange of

–SO3H. The lower adsorption energy obtained from DFT calcula-

Fig. 6. PAM-PAMPS hydrogels: (a) Effect of salt concentration on Pb(II) removal efficiency. (b) Effect of humic acid on Pb(II) removal efficiency. (c) Recycling. (d) Practical

application.
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tions suggests that the excellent selectivity for Pb(II) is due to the

formation of the most stable complexes between PAM-PAMPS and

Pb(II). Furthermore, PAM-PAMPS maintained an adsorption effi-

ciency of about 90% after four regeneration cycles. The amazing ad-

sorption performance of PAM-PAMPS modified by bifunctionalisa-

tion on Pb(II) and its practical application provide a new approach

for the preparation of new polymer hydrogels by bifunctionalisa-

tion. Although polymer hydrogel monomers have not been ade-

quately studied, the amazing adsorption performance and practical

applications achieved utilizing the synergistic effects of the bifunc-

tional polymer hydrogel PAM-PAMPS provide a new approach for

the preparation of new polymer hydrogels by bifunctionalization.
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